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ABSTRACT 
Ground-water discharge from bedrock aquifers contributes significant amounts of salinity to 
the Red River of the North. The area of major discharge is represented on the land surface by 
saline soils, wetlands, and flowing wells. As tributaries flow through these areas, the dissolved-
solids concentrations in the streams increase. This salinity is then transported to the Red River of 
the North and northward to Canada. The bedrock units that supply the saline water are mainly the 
Dakota Group. Overlying the bedrock are sediments from numerous glacial advances and 
lacustrine sediments from glacial Lake Agassiz. These units form confining layers over the 
bedrock aquifers and limit the rate of ground-water discharge from bedrock sources. 
The three mechanisms responsible for salinity reaching the land surface are advection, 
diffusion, and flowing wells. Hydraulic conductivity of the surficial units were measured. The major 
confining unit in the area is the Brenna Formation, which has a hydraulic conductivity of about 5.0 
x 1 o·5 ft/d, would transmit water through its entire thickness in about 3,500 years under the present 
hydraulic gradient. Diffusion may contribute to salinity at the land surface, but has a minor role 
compared to advection. Estimates of flowing well discharge and distribution show that these wells 
may have an effect on surface-water quality during low-flow periods. 
A pressurized slug test was designed for use in low-permeable sediments. Results indicate 
that this test provides an approach for estimating hydraulic conductivities in tight formations over 
short time periods. 
A ground-water flow model was used to investigate hydrogeologic factors affecting ground-
water discharge. The thickness of the bedrock aquifers and confining units influences ground-
xv 
water discharge. Saline soils relate to both the occurrence of the lnyan Kara aquifer and the 
thickness of surficial sediments. 
The effect of ground-water discharge on streams was examined using field measurements 
of streamflow and dissolved-solids load, and historic surface-water data in northeastern North 
Dakota. The effects of ground-water discharge became more significant during periods of low flow. 
Major sources of salinity to the Red River of the North are the Turtle, Forest, and Park Rivers. 
xvi 
INTRODUCTION 
The Red River of the North (hereafter referred to as the Red River) forms the boundary 
between North Dakota and Minnesota and is a major source of water for municipal and industrial 
uses in the region (Figures 1 and 2). The Red River flows north into Winnipeg, Canada, and, 
therefore, its water quantity and quality have important international implications. Many groups, 
such as The International Coalition, the International Joint Commission, the Red River Water 
Resources Council, and the International Red River Pollution Board, are interested in determining 
the factors that affect water quality in the Red River. One of the most significant water-quality 
concerns in the Red River is the large concentrations of saline water. 
The water quality in streamflow depends on many factors, including the source and quantity 
of the streamflow, and the types of geology and soils along the path of the stream. Most of the 
annual flow of northern prairie streams is derived from snowmelt and rainfall runoff, while the 
major contributor to streamflow during low flow is ground-water discharge. Because ground water 
generally is more mineralized than snowmelt and rainfall, dissolved-solids concentrations usually 
increase during periods of low flow. 
Problem 
The salinity in the Red River generally has been associated with the soils, lakes, wetlands, 
and flowing wells in northeastern North Dakota and their relation to bedrock aquifers, but little has 
been done to identify and quantify the sources of the salinity. The correlation between saline 
bedrock water and saline soils and wetlands has been documented; however, the mechanisms of 
ground-water discharge through low-permeability glacial tills and lacustrine sediments are poorly 
understood. A comprehensive study of the movement of the bedrock water to the surface and the 
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Figure 2. Major streams in the Red River of the North basin (from Stoner 
and others, 1993). 
4 
effect of that saline water on the water quality in the Red River is needed to evaluate these 
hydrogeologic processes adequately. 
Purpose and Scope 
The purpose of this study is to (1) evaluate the effects of the saline soils, lakes and wetlands 
on the Red River and its tributaries, (2) determine the contribution of saline water to the Red River 
by flowing wells, (3) examine the hydrogeologic properties of the surficial sediments in the area 
and determine if variations in hydraulic conductivity exist and how these affect ground-water 
movement, and (4) present a three-dimensional numerical model to demonstrate possible 
mechanisms influencing ground-water discharge in the area. 
The study focuses on northeastern North Dakota, where saline soils, lakes, wetlands, 
streams, and flowing wells are abundant. This area has been the subject of other studies that have 
proposed that ground-water discharge is responsible for the salinity in the Red River, but have not 
qualified nor quantified that relationship. This study evaluates the occurrence of salinity and the 
factors contributing to the salinity in this part of the Red River basin. In addition, this study provides 
a detailed examination of the geology in the study area, because this is ultimately important as 
bedrock geology controls the source of ground-water discharge and the surficial geology controls 
the rate and direction of ground-water discharge from the bedrock aquifers. 
Study Area 
The study area for this report covers Grand Forks County and eastern Walsh County (Figure 
3). The area is about 2,134 square miles and is roughly bounded on the west by the margin of the 
Red River Lake Plain and on the east by the Red River. The area includes parts of the Turtle, 
Forest, and Park River basins, which are underlain by lacustrine clays and silts, glacial sediments, 




Study area in Grand Forks County and eastern Walsh County, 
North Dakota. 
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1992; 1993; Strobel, 1992) and flowing wells (Strobel and others, 1994) suggests that regional 
ground-water discharge occurs in this region. 
Physiography of the Red River Basin 
The source of the streamflow in the Red River mainly is from snowmelt and rainfall runoff. 
The normal annual precipitation for the Red River basin is about 18 to 24 inches (Stoner and 
others, 1993). Although most of the precipitation occurs during the late spring and summer 
months, the largest mean discharge in the Red River is coincident with snowmelt runoff. Snowmelt 
and rainfall runoff in the basin can (1) enter small streams, which drain to the Red River, (2) enter 
lakes and wetlands, which typically drain to tributaries to the Red River but may be closed basins 
in which most loss to the water budget is through evapotranspiration, with minor losses to ground 
water, (3) held as soil moisture, (4) recharge ground water, and (or) (5) be temporarily held in small 
surface depressions and subsequently lost to evapotranspiration. The rate of evaporation varies 
seasonally and spatially through the Red River basin, but can be significant during summer 
months. An estimate for open-water mean daily energy-budget evaporation for Devils Lake, about 
90 miles west of the Red River in North Dakota, ranged during 1986-88 from 0.038 inch to 0.253 
inch (G. Wiehe, 1991, U.S. Geological Survey, written commun.). 
Streamflow in the Red River comes mainly from the Otter Tail, Wild Rice, and Red Lake 
Rivers in Minnesota. The only North Dakota rivers that make a significant contribution to the Red 
River streamflow are the Sheyenne and Pembina Rivers (Figure 4). During low-flow periods, 
ground-water discharge to tributaries, wetlands, or directly to the Red River is a major contributor 
to streamflow. 
Ground-water discharge during low-flow periods can have a significant effect on surface-
water quality because of the large dissolved-solids concentrations often found in ground water. A 
sampling of dissolved-solids concentrations in streams during the low-flow period of 1991 showed 
that three tributaries, the Turtle, Forest, and Park Rivers, in northeastern North Dakota had much 
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Figure 4. Average annual precipitation and streamflow (1951-1980) in the Red 
River of the North basin (from Stoner and others, 1993). 
8 
larger concentrations than other streams in the Red River basin (Strobel and Gerla, 1992). This 
information focused an investigation of the hydrologic factors affecting the discharge of ground 
water into the Red River basin on the area of northeastern North Dakota. 
The Red River basin in northeastern North Dakota consists mainly of Paleozoic- and 
Mesozoic-age bedrock overlain by glacial drift. In the area adjacent to the Red River, lacustrine 
silts and clays deposited in glacial Lake Agassiz overlie the glacial drift deposits. The glacial drift 
and lacustrine deposits confine bedrock aquifers and generally limit vertical ground-water 
movement. Water in the bedrock aquifers is under a large upward hydraulic gradient and 
ultimately discharges into the Red River basin (Downey, 1986). 
The surface of the Red River basin is generally flat, especially in the lake plain. The 
physiography of northeastern North Dakota is flat to hummocky drift plains incised by small 
streams in the west to very flat in the glacial Lake Agassiz lake plain. The margins of the lake plain 
are marked by a series of discontinuous beach ridges. The glacial drift has numerous lakes and 
wetlands, referred to as prairie potholes, that form in valleys and other depressions. The lake plain 
contains some lakes and wetlands that form in minor topographic depressions. 
There are large areas of saline soils in northeastern North Dakota. The occurrence of these 
saline soils has often been associated with ground-water discharge from bedrock aquifers. In 
addition to the saline soils, most lakes and wetlands in this area tend to have large chloride 
concentrations, and numerous flowing wells discharge saline water to the surface. The 
contribution of salinity from the soils, lakes, wetlands, and flowing wells affects the water quality in 
the Red River, especially during low-flow periods. Water in the Red River at the international 
boundary ranged from about 257 milligrams per liter (mg/L) dissolved solids during periods of high 
flow to about 1,020 mg/L dissolved solids during low flow during the 1992 water year (Harkness 
and others, 1993). Although the occurrence of saline soils, lakes, wetlands, and flowing wells has 
long been associated with the bedrock aquifers, an adequate explanation of how the salinity 
moves upward through the glacial and lacustrine sediments to the surface has as yet been 
9 
described. In addition, the effects of this saline ground water on the water quality of the Red River 
have not been quantified. 
Historical Background 
The first people to inhabit the Red River basin were various Native-American tribes. Unlike 
the more permanent settlements of Mandan and Arikara people along the Missouri River, the Red 
River area was temporary home to nomadic tribes such as the Assiniboine and Sioux (Robinson, 
1966). These people used the area as a fertile hunting ground. Later, the Chippewa were pushed 
westward across the Red River by the westward settlement of European-Americans and settled in 
the Pembina Hills and Turtle Mountains. The area of the Red River, Sheyenne River, and Devils 
Lake was disputed ground between many tribes, and therefore was unsafe for hunting parties to 
enter (Robinson, 1966). Because of this, numerous animals, especially buffalo, deer, beaver, and 
bears, thrived in this area. In addition, the salt deposits found in the area may have been an 
attraction for the wildlife. 
It is uncertain when the first European-Americans first entered the Red River basin. 
Undoubtedly, trappers may have visited the area as early as the 1600s. An expedition begun in 
1731 by Pierre de la Verendrye and his sons is considered to be the first visit by European-
Americans into the region, although Daniel de Greysolon Sieur Duluth had established a trading 
post at Lake Nipigon in 1664 and was said to have explored the region of Minnesota and Dakota. 
Verendrye was the first to describe Grand Forks, which he named the confluence of the Red Lake 
and Red Rivers (Robinson, 1966). 
The first settlement in the Red River basin in North Dakota and Minnesota was a trading 
post established in 1794 on the east side of the Red River at the mouth of the Pembina River. 
However, this establishment was abandoned within a few years. Charles Chaboillez established a 
post on the west side of the Red River at Pembina in 1797. Another post was established at the 
Salt (Forest) River about that same time. Both posts were gone when Alexander Henry visited the 
10 
area in 1800. Henry established a post at Pembina in 1801, which was the first permanent 
establishment in North Dakota. He also created temporary posts on the Park River, Turtle River, 
and Grand Forks. These posts were extremely bountiful in wildlife. For example, in the winter of 
1801-02, the post at Pembina brought in 629 beaver skins, 18 black bear, 4 brown bear, 58 wolf, 
16 fox, 39 raccoon, 67 fisher, 24 otter, 6 marten, and 26 mink. The following winter was just as 
plentiful, with 550 beaver skins, 38 bear, and 104 wolf. At Grand Forks in 1805-06, 343 beaver 
skins, 24 bear, 31 O wolf, 171 fox, 75 raccoon, 59 fisher, 27 otter and other skins were brought in 
(Robinson, 1966). Park River was even more bountiful in 1800, where 643 beavers, 125 black 
bears, 23 brown bears, 2 grizzly bears, 83 wolves, 102 reel foxes, 178 fishers, 96 otters, 26 
martins, and 68 minks, along with other pelts, were collected (Rolfsrud, 1990). In addition, buffalo 
were abundant. In 1800, Henry observed herds of buffalo as far as the eye could see in the Park 
River area. In the spring of 1801, the Reel River had broken up and numerous buffalo had 
drowned. Henry noted that the buffalo floated past the Park River post in a continuous stream for 
about two days. The prairies were black with buffalo (Robinson, 1966). 
The Park River, where Henry established one of his posts, was so named because the 
Assiniboine made parks or pounds there into which they herded buffalo. Once trapped in the 
parks, the buffalo were slaughtered. This area was especially abundant in buffalo. The salty soils 
and wetlands may have been the attraction for the buffalo to the area. Because of the large 
number of buffalo, the Metis (a mixed race of European-American fathers and Native-American 
mothers) held annual buffalo hunts in the Park River area in the early to mid 1800s. This event 
ceased when buffalo herds dwindled and there was ample protest by the United States about 
Matis traveling south from Canada to hunt in North Dakota. 
The Dakota Territory was established in 1861. The Homestead Act of 1861 permitted any 
citizen over the age of 21 to get ownership of 160 acres of public land by legally taking possession 
of it, living on it for five years, and making certain improvements (Rolfsrud, 1990). Land in the Red 
River valley was parceled into quarter sections, and no person was allotted more than 480 acres 
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(Upham, 1895). This opened up the Red River basin for settlement. Settlement may have 
occurred earlier, but an expedition led by Major Stephen Long in 1823 found the Red River area to 
be hot and dry, not suitable for settlement. A later expedition by Jean Nicollet and John Fremont in 
1839 found the area green and lush and very suitable for settlement. With the coming of the 
railroad to the Red River in 1871, homesteading flourished. By the tum of the century, the Red 
River basin was mostly cultivated and the major cities established (Red River Valley Historical 
Society, 1982). 
Settlement in the area initially occurred along major rivers. With the coming of the railroad in 
the 1870s. settlements began expanding into the interior of North Dakota. In many areas, the 
salinity of the soils made agricultural production difficult and crops were often limited to grasses. 
Drainage ditches constructed throughout the valley served to drain field runoff and wetland areas, 
probably increasing the amount of leached salts transported to the Red River. Many 
homesteaders installed wells for water supplies, but found the deep ground water to be too saline 
for consumption or irrigation. Many of the wells flowed at the surface and were either capped or 
abandoned with unrestricted flow. The flow from these wells typically was large. For example. a 
well drilled at Minto, in Walsh County, (date unknown, but prior to 1895) had a head of over 60 feet 
above land surface and a flow rate in excess of 800 gallons per minute (Upham, 1895). It is 
probable that settlement of the Red River valley resulted in increases in the salinity in the Red 
River and its tributaries due to drainage of the wetlands and installation of flowing wells that 
discharged saline ground water. 
PREVIOUS INVESTIGATIONS 
Hydrology 
The hydrology of northeastern North Dakota has been studied from various perspectives 
over the last 100 years. The earliest report dealing with ground water in the area was a discussion 
about a deep well at Grafton and shallow wells in the Red River basin (Underhill, 1890). The first 
general overview of the geology and hydrology was published by Upham (1895) in his study of 
glacial Lake Agassiz. He mentioned salinity of the soils, lakes, and tributaries in northeastern 
North Dakota. Numerous subsequent studies have described surface-water and ground-water 
hydrology in the Red River basin. 
Surface Water 
Streamflow and surface-water quality has been monitored in the Red River basin by the 
U.S. Geological Survey for over one hundred years. The stream gaging station at Grand Forks has 
been maintained by the U.S. Geological Survey since April 1882. These data are published 
annually. 
Several reports discuss the surface-water hydrology and water resources of northeastern 
North Dakota. Two of the best overviews of the hydrologic conditions in the area and in the entire 
basin are in reports by Maclay and others (1972) and Stoner and others (1993). These reports 
give comprehensive discussions about hydrology, climate, physiography, and land use, among 
other topics. Winter and others (1984) give a good synopsis of ground-water and surface-water 
resources in North Dakota, including numerous water-quality analyses. 
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Many studies link surface-water quality in lakes and wetlands, such as Kellys Slough, Lake 
Ardoch. and Salt Lake. to ground-water discharge from bedrock aquifers. The U.S. Environmental 
Protection Agency (19n) showed the influence of water releases from Lake Ardoch on chloride 
levels in the Red River. Doering and Benz (1972) proposed reducing the hydraulic head in the 
bedrock aquifers by pumping from bedrock wells, thereby reducing the salinity in the soils in 
northeastern North Dakota. Water quality in streams in northeastern North Dakota, particularly 
chlorides in the Turtle, Forest, and Park Rivers in Grand Forks and Walsh Counties and its affect 
on mollusk species diversity, was discussed by Cvancara (1983). He found that in the lower 
reaches of these streams, chloride concentrations limit mollusk species to only one or no species 
present. This biological effect correlates with the occurrence of saline soils and wetlands in the 
area. 
Ground Water 
Ground water has been studied at both a regional scale and in localized studies. Whereas 
some studies examined ground water as a resource for domestic and municipal use, many studies 
have looked at the occurrence and distribution of saline ground water in the area. 
Regjonaf Flow System--Meinzer and Hand (1925) gave one of the earliest discussions on artesian 
waters in North Dakota, and provided a discussion on the Dakota sandstone and overlying shales 
in the region. Simpson (1926), in his discussion on the conservation of artesian waters, described 
the Dakota Artesian System that underlies surficial deposits in eastern North Dakota and South 
Dakota. In this report, he described the first well in North Dakota to reach the Dakota sandstone, 
drilled at Ellendale, 1087 feet deep, yielding a flow of 600 gallons per minute under a pressure of 
145 pounds per square inch, indicating a hydraulic head of 335 feet above the top of the well 
casing. 
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Other early descriptions of ground water in northeastern North Dakota are in summary 
reports by Simpson (1929, 1932), a report on artesian waters (Simpson, 1935), and a report on 
water-level changes (Simpson, 1937). The chemical constituents of ground water from selected 
wells in northeastern North Dakota were presented by Abbott and Voedisch ( 1938). Robinove and 
others (1958) published a description of saline-water aquifers in North Dakota, along with a 
number of chemical analyses, that included bedrock aquifers in northeastern North Dakota. 
Downey (1986) provided an overview of the bedrock aquifers and ground-water hydrology in the 
northern Great Plains, including North Dakota. This report included a discussion relating the saline 
wetlands in Grand Forks and Walsh Counties to ground-water discharge from bedrock aquifers. 
Preyjoys Local Studjes-Ground-water studies, focused mainly on parts of northeastern North 
Dakota, were completed by Laird (1944) in his study of the Emerado area in Grand Forks County, 
Brookhart and Powell (1961) in their report on the geology and occurrence of ground water in the 
Minto-Forest River region of Walsh County, and Jensen and Bradley (1962) in their study near 
Hoople, in Walsh County. County ground-water studies have been completed for each of the 
counties in North Dakota. These reports, in three parts, discussed the geology, ground water basic 
data, and ground-water resources for each county. The studies for Grand Forks County were 
completed by Hansen and Kume (1970), Kelly (1968), and Kelly and Paulson (1970). The studies 
for Walsh County were completed by Bluemle (1973), and Downey (1971; 1973). 
The problem of saline ground-water discharge and its effect on soils, lakes, wetlands and 
streams in northeastern North Dakota has been addressed by several investigations. Laird (1944) 
and Downey (1973 and 1986) proposed that ground water from bedrock aquifers moves to the 
surface along zones of coarse-grained materials in the overlying glacial tills. Remenda and others 
(1992) argued that the lacustrine clays which overlie the glacial tills restrict any advective flow and 
that salinity reaches the surface by diffusive transport. Gerla (1992) examined the physical and 
geochemical hydrogeology of northeastern North Dakota using a ground-water flow model and 
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chemical analysis of ground-water samples. He found that ground water from bedrock aquifers 
mixes with water recharged through glacial sediments and that bedrock water becomes more 
dominant towards the east in northeastern North Dakota. Benz and others {1976) summarized 
about 1 O years of research on soil salinity in the northern Red River basin. One important aspect 
of their study was the significance of microrelief on soil salinity, which was highest on ridges and 
lowest in depressions. They found that runoff waters in depressions result in salts being leached 
from the soil profile, while leaching is minimal on the ridges. Skarie and others {1986) observed 
that the most severely affected saline soils in northeastern North Dakota occur along road ditches 
and result from seepage of surface waters that intermittently occupy the ditches. Salinity in lakes. 
wetlands, and streams has been addressed by numerous studies, including many of those 
mentioned above. 
Geology 
The following discussion summarizes the present theories on the preglacial history of the 
area. This is followed by an overview of the glacial processes that formed the surficial stratigraphy 
and influenced the present topography. A generalized discussion of the stratigraphic sequence of 
the surficial formations provides a tool for correlating specific units within cores collected as part of 
this dissertation to the regional geology. In addition, an adequate overview of the stratigraphy in 
the area is important in assessing geologic factors that affect ground-water discharge and surface-
water quality in the Red River basin. 
Regional Bedrock Geology 
The bedrock geology of the area consists of Cretaceous sandstones and shales, Jurassic 
redbeds, and possibly Ordovician sandstones and Precambrian crystalline rocks {Anna, 1986). 
These units subcrop along the eastern margin of the Williston Basin. The structure of the Williston 
Basin produces a natural ground-water discharge region along the eastern margin of the basin 
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(Downey and Dinwiddie, 1988) (Figure 5). Discharge from these bedrock units has probably 
occurred since the basin was formed during Paleozoic time, and possibly contributed to the 
formation of a valley in the area of the present Red River. A valley that existed prior to glacial 
erosion of the basin during the Pleistocene would have controlled the paths of glacial advance and 
subsequent erosion and deposition in the area. 
As part of the present study, a bedrock map of the study area was produced (Figure 6). 
Information for this map was obtained from county ground-water studies (Hansen and Kume, 
1970; Downey, 1971; and Bluemle, 1973), data from the Red River Valley Drilling Project (Moore, 
1978), and drillers' logs filed with the North Dakota State Water Commission. The western part of 
the study area is underlain by Cretaceous shales of the Carlile, Greenhorn and Belle Fourche 
Formations. Much of the eastern study area is underlain by basal sands of the Belle Fourche 
Formation and sandstones and shales of the Dakota Group. In the northeast and southeast are a 
thin band of Jurassic redbeds underlain by Paleozoic limestones of the Red River Formation. The 
eastern part of the study area displays channeling of the bedrock surface, possibly a remanent of 
the preglacial Red River and its tributaries (Figure 7). There may be a greater degree of 
channeling than this map shows, but the small number of observation points limits the support of 
this assumption. 
Hansen and Kume (1970) suggested that the preglacial Red River drainage basin was 
similar to the present basin in that it included eastern North Dakota and western Minnesota. 
However, the Red River included the Cheyenne drainage basin of north-central South Dakota. The 
Cheyenne River joined the Red River in Dickey County (Flint, 1955), flowed northeastward from 
Dickey County to Traill County, then flowed north along a similar route of the present Red River 
(Lemke and Colton, 1958). 
Bluemle (1973) theorized that all preglacial streams in the drainage basin flowed eastward 
and northeastward. He suggested that the main channel of the Red River was in what is now 
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Figure 5. Diagrammatic hydrogeologic section showing characteristics of ground-
water recharge, flow, and discharge. Line of section begins at Bighorn 
Mountains in Montana, arcs across eastern Montana, then trends 
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that the preglacial topography resembled the present configuration. The elevations in the eastern 
half of Walsh County probably ranged from 500 feet amsl (above mean sea level) near the present 
state line to 700 feet amsl at the Pembina Escarpment. At the escarpment, elevations increased to 
1500 feet amsl in just 15 miles. He suggested that the landscape in the basin associated with 
Walsh County had little relief, with Cretaceous shales and sandstones in the southeast and 
Jurassic redbeds in the northeast (Bluemle, 1973). 
Regional Glacial Geology 
pre;Wisconsjnan Glacjatjon-The present Red River of the North basin has experienced several 
glacial advances during the Wisconsinan and presumably during the pre-Wisconsinan. The 
erosion and deposition resulting from these advances and subsequent retreats significantly 
shaped the basin. As the glaciers retreated, moraines and the glacier terminus formed barriers 
that impounded the resulting meltwater, thus forming Lake Agassiz. Lacustrine and shoreline 
sediments overlie glacial deposits across much of the basin and strongly influence the present 
topography. 
It is uncertain if there was pre-Wisconsinan glaciation in this part of North Dakota. Clayton 
and Moran (1982) referred to a glacial advance (phase A) (Figure 8) in North Dakota that was 
interpreted as pre-Wisconsinan on the basis of lack of glacial landforms and only scattered lag 
boulders. There has been up to 200 feet of erosion in North Dakota since phase A (the Dunn 
Glaciation) (Clayton, 1969), which supports a pre-Wisconsinan glaciation interpretation. Clayton 
and Moran (1982) stated that phases B and C (Figure 8) may also be pre-Wisconsinan, although 
early Wisconsinan is more likely due to abundant lag boulders and a few patches of glacial 
sediment. Evidence of pre-Wisconsinan glaciation is inconclusive in the study area, but if pre-
Wisconsinan glacial sediments (Kansan or lllinoian) exist south of the area in South Dakota and 
Minnesota, it is probable that the ice advanced up the pre-glacial Red River basin. 
MONTANA 





' SOUTH ! DAKOTA ,--------' -------
' NEBRASKA. ____...__ 
I 
Figure 8. Correlation of ice margins in the mid-continent region. Letters signify various glacial advances 
(from Clayton and Moran, 1982). 
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Bluemle (1973) theorized that each time the glacier advanced there should have been 
horizons of lake sediments due to the damming of the Red River. He mentioned four such horizons 
in Grand Forks County, but in Walsh County lacustrine units are found in only a few test holes 
(Bluemle, 1973). 
Hansen and Kume (1970) divided the glacial stratigraphy of Grand Forks County into five 
drift sheets, which will be discussed in detail in the next section. The lower two drift sheets are 
suggested to be pre-Wisconsinan. Drift sheet 1 consists of lake clays and silts and partially 
oxidized till (Figure 9). These sediments are in preglacial valleys cut into Precambrian and 
Ordovician bedrock. Drift sheet 2 consists of tills, gravels, and lake silts and clays (Figure 10). It 
also occurs in deep preglacial valleys in southeast Grand Forks County. 
Harris and others (1974) divided the Quaternary succession in the Grand Forks and the Red 
Lake Falls (Minnesota) areas into ten formations (Figure 11). These will be discussed in the next 
section, but are mentioned at this time because the two lower units, the Gervais Formation and 
Marcoux Formation, both pebble-loams, are interpreted to be either early Wisconsinan or pre-
Wisconsinan tills. Dates on wood from the Gervais Formation indicate an age of greater than 
39,900 C14 yrs B.P. (Harris and others, 1974). 
Other evidence for pre-Wisconsinan glaciation is sparse and scattered. Clayton (1966) 
mentioned that Bluemle (not cited) found numerous buried boulder pavements, paleosols, buried 
oxidized zones, and exposures of oxide-cemented drift in northeastern North Dakota that may be 
associated with pre-Wisconsinan till. In nearby Ramsey County, a wood sample recovered by 
Bluemle from a lower till unit has a date of greater than 28,000 C14 yrs 8.P. (Clayton, 1966). 
In general, pre-Wisconsinan glacial stratigraphy is poorly documented in the study area. The 
units interred to be pre-Wisconsinan usually occur in deep valleys where they escaped being 
eroded by later glacial advances. Because of the sparse occurrence and limited data, it is often 
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Figure 11. Schematic time-distance diagram showing periods of deposition of 
the formations defined in this report (from Harris and others, 1974). 
26 
beneficial to simply refer to these sediments as occurring prior to the late Wisconsinan (perhaps 
pre-late Wisconsinan?) and eliminate further confusion in the discussion. 
Late Wjsconsjnan Giacjatjon-Attempts to reconstruct the glacial history of the Lake Agassiz basin 
go back at least to Upham (1896), although numerous local observations preceded his famous 
work. Subsequently, Colton and others (1963), Lemke and others (1965), Clayton (1966), and 
Clayton and Moran (1982), among others, attempted to correlate horizons and associated glacial 
phases with dated events in North Dakota. Clayton (1966) and Clayton and Moran (1982) labeled 
the glacial advances as phases A through L (Clayton, 1966) and A through S (Clayton and Moran, 
1982), from oldest to youngest (Figure 8), and discussed the likely glacial environment at the time 
of deposition. Their summaries provide the basis for the interpretation of the sediments in this 
study. 
Phases D through N of Clayton and Moran (1982) (Figure 8) are all late Wisconsinan in age 
and appear to represent times of glacial occupation of the Red River basin. The phase D advance 
culminated about 20,000 C14 yrs B.P. and completely covered the Red River basin in North Dakota 
(Clayton and Moran, 1982). The retreat of the ice sheet following phase D was extensive and 
probably retreated north of the study area in northeastern North Dakota. In contrast, all later 
retreats were short enough that some stagnant ice persisted until the next advance (Clayton and 
Moran, 1982). Till from phase E is thought to be correlated to the Red Lake Falls Formation in the 
Red River basin and may have occurred around 15,000 C14 yrs B.P., although it is not precisely 
dated (Clayton and Moran, 1982). The magnitude of the retreat of phase E is not known, but it is 
likely that northeastern North Dakota was deglaciated between phases E and F because of the 
strikingly different lithologies of the two associated deposits. 
Phases F, G, and H were closely-spaced ice advances, probably representing a major 
readvance of the glacier at about 14,000 C14 yrs B.P., followed by minor readvances before 
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12,300 C14 yrs B.P. (Clayton and Moran, 1982). Arndt (19n) suggested that the entire Red River 
basin was covered by ice around 14,000 C14 yrs B.P., the Lostwood Glaciation (Streeter 
Formation (?) of Clayton and Moran, 1982). Following phase H, the ice stagnated and retreated, 
beginning the formation of an early stage of Lake Agassiz (Clayton and Moran, 1982). Meltwater 
ponded along the southern terminus of the valley up to the drainage divide at Browns Valley, 
Minnesota (Arndt. 19n). The timing of phase I is unclear, because it was also supposed to have 
extended into South Dakota at this time. The ice then made a significant readvance (phase J; 
Clayton and Moran, 1982) over the deposited lake sediments (Arndt, 19n). Phases J, K, and Lall 
occurred within a generally short time, probably about 12,00 C14 yrs B.P. (Clayton and Moran, 
1982). 
The next phases of deposition involved the main episode of formation of Lake Agassiz. 
During the Cass Phase (about 13,500 C14 yrs B.P. to about 12,800 C14 yrs B.P.) retreat of the ice 
allowed the lake to develop in the valley up to the drainage divide, depositing the Wylie and 
Argusville Formations, as well as forming strandlines above the Herman level (Arndt, 19n) 
(Figure 12). This is probably drift sheet 3 of Hansen and Kume (1970) (Figure 13). About 12,800 
C14 yrs B.P., the ice readvanced (Caledonia Advance) as far south as Traill County and deposited 
the Huot Formation, a clay-rich pebble loam, and the Falconer Formation, a pebble loam, whereas 
the Argusville Formation, a lacustrine clay, continued to be deposited south of the moraine (Arndt, 
19n) (Figure 14). This readvance is phase M of Clayton and Moran (1982) (Figure 8) and drift 
sheet 4 of Hansen and Kume ( 1970) (Figure 15). It was closely followed by a short retreat and 
readvance (phase N of Clayton and Moran, 1982 (Figure 8) and drift sheet 5 of Hansen and Kume, 
1970). It is unclear when these phases occurred, but they have been estimated to have occurred 
prior to 11,000 C14 yrs B.P. (Clayton and Moran, 1982). 
The Brenna Formation, a lacustrine clay, was deposited during the Lockhart Phase (12,800 
to 11,000 C14 yrs B.P.) when the glacier retreated and Lake Agassiz again was high (Arndt, 1977) 
Figure 12. 
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North-south cross section and map view of the Cass Phase in the 
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Figure 13. Areal extent of glacial drift sheet no. 3 in Grand Forks County 
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Figure 14. North-south cross section and map view of the Caledonia Advance 
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(Figure 16). Harris and others (1974) dated the Brenna Formation as having been deposited 
between 13,000 and 10,000 C14 yrs B.P. Ruvial sediments (Poplar River Formation) were 
deposited across the Brenna Formation and much subaerial weathering of these sediments 
occurred during the Moorhead Phase (11,000 to 9,900 C14 yrs B.P.) when outlets into the Lake 
Superior basin resulted in the lowering of Lake Agassiz (Arndt, 1977) (Figure 17). Clayton (1966) 
gave a date of 11,740 C14 yrs B.P. when the Herman Beach level was abandoned, which is 
probably associated with this event. During the subsequent Emerson Phase (9,900 to 9,000 C14 
yrs B.P.) the outlets again were blocked and the lake again rose to the Campbell level, depositing 
the Sherack Formation (Arndt, 19n) (Figure 18). This correlates with phase S of Clayton and 
Moran (1982). Harris and others (1974) dated the Sherack Formation to range from 9,900 to 9,500 
C14 yrs B.P .• although some basal dates extend to as early as 11.000 C14 yrs B.P. The post-
Emerson Phase (after 9,000 C14 yrs B.P.) marked the time when Lake Agassiz drained through 
the northern outlets for the last time (Arndt, 19n). The date when the Campbell Beach was 
abandoned for the last time is about 9,200 C14 yrs B.P. (Clayton, 1966). 
Stratjgraphjc NomenciaturEr-Harris and others (197 4) divided the Quaternary succession in Grand 
Forks and Red Lake Falls (Minnesota) areas into ten formations (Figure 11 ). They found these 
formations traceable throughout the Red River basin in North Dakota and Minnesota. Although 
some additional units exist beneath these ten formations, they are too poorly known to permit 
adequate identification. Because the stratigraphic nomenclature presented by Harris and others 
(1974) is well described and covers the study area, it is summarized in this section and will be 
used for correlation of geologic cores described in a later section of this paper. Information not 
extracted from Harris and others (1974) will be specifically cited where appropriate. 
The lowest unit in the generalized stratigraphic column is the Gervais Formation. This is an 
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dark gray {SY 3/1 ) when wet. The unit typically consists of 15 percent to 21 percent sand, 45 
percent to 51 percent silt, and 32 percent to 36 percent clay. It is differentiated from the overlying 
units on the basis of its fine texture, darker color, and the presence of organic debris. Borings 
indicate that the Gervais Formation ranges from 90 to 140 feet in thickness where it occurs in the 
valley. Harris and others {1974) suggested that the formation is glacially modified fluvial or 
lacustrine sediments. As mentioned in the previous section, this unit is considered either early 
Wisconsinan or pre-Wisconsinan in age. A radiocarbon date indicates the unit exceeds 39,000 
C14 yrs B.P., which would correlate the sediment with phase B or C (Napoleon Phase) of Clayton 
and Moran (1982). 
The overlying Marcoux Formation is an unbedded, very sandy pebble-loam. It is light gray 
{SY 6/1) when dry and grayish brown (2.5Y 5/2) when wet. This unit can be extremely hard when 
dry. Pebbles, cobbles, and boulders are abundant and consist of about two-thirds crystalline rocks 
and one-third sedimentary rocks. The unit consists of 48 percent to 58 percent sand, 30 percent to 
40 percent silt, and 8 percent to 18 percent clay. The contact with the overlying formations is a 
sharp unconformity. A sandy pebble-loam believed to be the Marcoux Formation occurs 
throughout most of the basin and ranges in thickness from O to over 60 feet. It is mainly 
distinguished by its texture. The age is unknown, but the stratigraphic position indicates early 
Wisconsinan or pre-Wisconsinan. Clayton and Moran (1982) suggested phase D may correspond 
with the Marcoux Formation on the basis of its texture, but there is a discrepancy because phase 
Dis interpreted as late Wisconsinan. 
The overlying St. Hilaire Formation is an massive pebble-loam, gray (SY 5/1) when dry and 
very dark gray (1 OY 3/2) when wet. Pebbles are abundant and consist of about 50 percent 
crystalline rocks and 50 percent sedimentary rocks. Lignite pebbles are common and can be 
present in up to 5 percent of the pebble fraction. The unit consists of 30 percent to 40 percent 
sand, 38 percent to 46 percent silt, and 15 percent to 29 percent clay. Both the upper and lower 
37 
contacts with other formations are generally sharp. The unit is considered to extend throughout 
northeastern North Dakota and is distinguishable by its pebble lithology, color, and appreciable 
shale and lignite content. The age is uncertain, but it may be either Wisconsinan or pre-
Wisconsinan. 
The Red Lake Falls Formation is an unbedded pebble-loam that is brownish gray (2.5Y 6/2) 
when dry and olive-brown (2.5Y 4/4) when wet. Sand and gravel inclusions and laminated silt and 
clay beds are common in this formation. There are actually two units in this formation that are 
slightly different in texture but are generally indistinguishable in the field. The upper unit contains 
32 percent to 42 percent sand, 36 percent to 46 percent silt, and 17 percent to 27 percent clay, 
whereas the lower unit contains 39 percent to 49 percent sand, 34 percent to 40 percent silt, and 
15 percent to 25 percent clay. Both units contain about 50 percent crystalline pebbles. The lower 
contact is sharp, but the upper boundary is gradational with the overlying Wylie Formation. It is 
uncertain whether the Red Lake Falls Formation extends into the study area. Where it does occur, 
the unit generally ranges in thickness from 15 to 30 feet. It is distinguished by texture, pebble 
lithology, and color. Clayton and Moran (1982) associated the lower Red Lake Falls unit with 
phase E, which is believed to have occurred during the middle part of the late Wisconsinan time, 
and the upper Red Lake Falls unit with phase F, dated at around 14,000 C14 yrs B.P. 
The Wylie Formation is a clay and silt, thinly laminated lacustrine sediment in which the clay 
is olive-gray (SY 5/2) when dry and dark gray (SY 4/1) when wet; the silt is light brownish-gray 
(2.SY 6/2) when dry and olive-brown (2.SY 4/4) when wet. The laminae range in thickness up to 
tenths of an inch. Both the lower and upper contacts are gradual and interbedded. The unit is 
easily distinguishable from other units except the Sherack Formation, which is differentiated on the 
basis of its stratigraphic position and by its distinct laminae. The Wylie Formation was deposited in 
the late Wisconsinan during the early stages of Lake Agassiz, which probably correlates to the 
Cass Phase (Arndt, 19n). 
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The Huot Formation is an unbedded slightly pebbly lacustrine clay which is gray {SY 5/1) 
when dry and very dark grayish-brown {2.SY 3/2) when wet One distinguishing feature is that it is 
very hard and blocky when dry and very plastic when moist. It is composed of 4 percent to 9 
percent sand, 14 percent to 26 percent silt, and 62 percent to 84 percent clay, and contains 
limestone pebbles and cobbles. The lower contact is gradual and interbedded, whereas the upper 
contact with the Poplar River Formation or Sherack Formation is sharp and erosional. The Huot 
Formation can be as thick as 100 feet in the central part of the Red River basin, but it probably 
does not extend into Grand Forks and Walsh Counties. It is, however, considered to be laterally 
equivalent to the Falconer Formation. The unit is distinguishable by its texture, pebble content, 
blocky structure, and color. Although no radiocarbon dates are available for this formation, 
stratigraphic occurrence suggests that it is greater than 12,800 to 13,500 C14 yrs B.P. in age. 
The Falconer Formation is a silty, clayey pebble-loam that is light,:iray {SY 6/1) when dry 
and typically contains numerous beds of silt. In the Grand Forks area the unit contains about 15 
percent to 20 percent sand, 35 percent to 45 percent silt, and 35 percent to 45 percent clay. In 
Walsh County the unit becomes sandier and less clayey, and contains about 25 percent to 30 
percent sand, 40 percent to 45 percent silt, and 25 percent to 35 percent clay. The Falconer 
Formation becomes sandier to the west in Grand Forks and Walsh Counties. The upper and lower 
contacts are probably both gradational. The formation occurs throughout the northern half of the 
Red River basin in North Dakota and Minnesota and is less than 1 O feet thick in the study area. It 
is mainly distinguished by its texture. The Falconer Formation probably corresponds to phases G 
and Hof Clayton and Moran {1982) and the Caledonia Advance {before 12,800 C14 yrs B.P.) of 
Arndt ( 1977). 
The Brenna Formation consists of a lacustrine clay that is dark,:iray to black (SY 4/1 to SY 
2/1) when wet and is generally obscurely laminated to unbedded. The only variation in the texture 
is due to sparse white calcareous nodules, formed by chemical precipitation. In general, the clay is 
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soft and has a characteristic slick appearance. The lower contact is marked by a thin sand, but the 
contact is generally believed to be gradational. The upper contact with the Sherack Formation is 
an erosional unconformity. The unit extends from southern Grand Forks County at least to the 
Canadian border and attains a thickness of 150 feet in Pembina County, North Dakota. It is 
differentiated from the Huot Formation by its texture, and is physically separated from the Wylie 
Formation by the Falconer Formation. The Brenna Formation was deposited by Lake Agassiz 
between about 13,000 and 11,000 C14 yrs B.P., which correlates to phases Mand N of Clayton 
and Moran {1982) and the Lockhart Phase of Arndt {1977). 
The Poplar River Formation consists largely of fine- to coarse-grained sand that contains 
both large- and small-scale crossbedding. It formed as fluvial channel sediments and is therefore 
not laterally extensive. In the study area it ranges from a few feet to tens of feet in thickness. The 
only formation that is similar in texture and structure is the laminated silts and clays of the Red 
Lake Falls Formation, which is separated stratigraphically from the Poplar River Formation. The 
channel sediments were deposited between 11,000 and 9,900 C14 yrs B.P. during a low-water 
phase of Lake Agassiz. This would be the Moorhead Phase of Arndt {1977) and between phases 
R and S of Clayton and Moran {1982). 
The final unit described by Harris and others {1974) is the Sherack Formation, which 
consists of laminated clay, silty clay and silt, and minor amounts of sand deposited as off-shore 
sediment in Lake Agassiz. It is light gray when unoxidized and yellowish-gray to olive-gray when 
oxidized. There is much organic material at the base of the formation, but little to no organic 
material above this zone. The Sherack Formation is distinguishable from the Brenna Formation by 
its texture and by the occurrence of calcareous nodules in the Brenna Formation. The Sherack 
Formation is Holocene in age and deposited between 9,900 and about 9,500 C14 yrs B.P. in Lake 
Agassiz. Arndt (1977) placed the Sherack Formation in the Emerson Phase; Clayton and Moran 
(1982) associated it with phase S. 
Bluemle (1973) listed an additional unit that overlies the Sherack Formation, which he 
referred to as the Walsh Formation. Arndt (1977) discussed a unit he referred to as Unit 10, which 
also overlies the Sherack Formation and consists of silt and clay alluvium, topsoil, nearshore and 
offshore sediments, and fill. It is probable that Unit 1 O and the Walsh Formation are the same 
units, or at least correlated to one another. This upper unit is most recently referred to as the Oahe 
Formation (Clayton and others, 1976), which is the name used in this thesis. 
METHODS 
Stratigraphic Investigation 
During 1991 three sites were selected for an investigation of the relationship between 
texture and vertical hydraulic conductivity {Figure 19). The sites were selected to include saline 
lacustrine sediments (site 1 ), non-saline lacustrine sediments {site 2), and glacial sediments (site 
3) along an east-west transect across the Red River basin in northeastern North Dakota. Basic 
descriptions of the cores and results of the textural analysis have been presented by Strobel and 
others {1992). 
Continuous cores were recovered from the deepest well drilled at each site using Shelby 
tubes. Shelby tubes were first driven approximately 3 feet into the sediment, then the auger was 
advanced to about the bottom of the Shelby tube, thus clearing the well annulus of sediment prior 
to the next core sampling. Another Shelby tube was then attached and the process repeated until 
the desired depth was obtained. The cores were removed from the Shelby tubes using a hydraulic 
press, mapped for physical variations, including color, texture, fractures, and structural strength, 
and stored in core boxes for transport to the North Dakota Geological Survey Core Library. The 
purpose of collecting cores from the deepest well at each site was two-fold; one, the cores 
provided hydrogeologic information that later could be used for examining the vertical movement 
of ground water through the surficial sediments, and two, examining the cores allowed for mapping 
the stratigraphy, thereby insuring that the screens in the other wells in the nest were in 
stratigraphic intervals of interest. 
41 
Site 3 N t 
3-3 
3-1 • .3-6 • 3-2• •3.5 • 3-4 
0 5 10 
feet 
Site 2 
2-6 2-2 • • • •2-4 2-5 •2-3 









01 WELL AND NUMBER 
0 10 20 30 40MILES 



















Figure 19. Sites selected to examine mechanisms controlling the rate of 







During August 1991, 15 wells ranging from 16 to 106 feet deep were installed in the basin. 
Descriptions of well specifications is shown in Appendix A. The wells were installed by the North 
Dakota Geological Survey, in cooperation with the U.S. Geological Survey, using a truck-mounted 
drill rig with 8-inch-diameter hollow-stem auger flights. Three wells were installed at site 1 • six 
wells at site 2 and six wells at site 3. Once a hole was augered, the drill rig was detached from the 
auger flights, which were still in the hole, and well casing lowered down into the auger flights. The 
purpose of this was to maintain the well annulus during well placement because surficial 
sediments often collapse once the auger is removed from the hole. Wells consisted of screens 
cemented to 2-inch diameter PVC casing. The screens were 5 feet in length, 2 inches in diameter, 
and slotted at 0.08-inch spacing. Casing and screens were connected using exterior sleeves and 
PVC cement. The casing was in 20-foot lengths and was connected together while being lowered 
into the annulus. 
Following well placement down the annulus, the auger flights typically were pulled up from 
the hole. Silica sand, used as a filter pack around the well screen to keep sediments from clogging 
screen slots, was poured down the annulus to a depth of about one foot above the top of the 
screen. Measurements of the top of the sand pack were made using a 5-pound weight on a cable 
with length increments. Above the sand, bentonite pellets were poured down the annulus. 
Generally, two bags of bentonite were sufficient to provide at least five feet of seal over the sand 
pack. Then, auger cuttings of native material were used to fill the annulus to about three feet below 
land surface. Native sediment was an ideal filling because it was generally clay-rich and expanded 
and deformed to fill the voids. The upper three feet of annulus was filled with Portland cement. 
Around each well was placed a 4-inch-diameter PVC protective casing. The protective casing was 
inserted into the cement, and a cement cap was formed to shed precipitation away from the well. 
The well casing was then cut off at about two feet above land surface. 
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In some cases, the sediment being augered was very friable or unconsolidated and would 
collapse following the removal of the auger flights. In such cases, the sand pack was poured down 
the space between the well casing and the auger flights. As the auger flights were removed, the 
sand filled in the annulus around the screen. The auger flights were then pulled up to just above 
the sand pack and the same procedure was followed for the placement of bentonite pellets into the 
annulus. Following this, the auger flights were completely removed and the annulus filled with 
native sediments and cement as outlined above. 
Wells were developed within one week of installation. Well development was achieved using 
surging with compressed air, followed by bailing. Often, recovery was slow so that wells could be 
bailed only once during a two-week period. 
Surveying 
The location and elevation of the wells at each site was determined by running a set of 
levels from nearby benchmarks to the sites. In some cases, leveling extended for over two miles to 
the sites. At each site, one well was surveyed into the leveling line. The location and elevation of 
the other wells at each site were then determined in relationship to the one surveyed well. Closure 
error was permitted below 0.02 feet. 
Ground Water Discharge 
Hydrographs 
Water levels in the fifteen wells were measured intermittently throughout the study. Initially, 
water levels were measured weekly or biweekly. The frequency of measurement decreased later 
in the study. During aquifer tests, water levels were measured in increments of either minutes, 
hours, or days, depending on the recovery rates in each well. 
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Many water levels were near or above the land surface. It was anticipated that water levels 
less than 3 feet below land surface would probably freeze in the wells during winter and possibly 
damage the PVC casing. One solution to this problem often used in observation wells is to insert 
kerosene, which floats on the water surface, into the well and cap the well. The kerosene would 
lower the head in the well to below the land surface and would not freeze under normal conditions. 
However, because of concerns over ground-water contamination, this approach was avoided in 
this study. 
An alternate method was designed for the study wells with shallow water levels. This 
method involved the insertion of nitrogen gas into the wells. Turbulence in the water often inhibits 
the formation of ice on the water surface. A system using a nitrogen tank with tubes extending 
from the tank to beneath the water level in each well was used to create turbulence in the wells. 
Nitrogen was placed in the wells at a rate sufficient to produce continuous bubbling in the upper 
part of the water column. The nitrogen was used at site 2 from November, 1991 through March 
1992. At site 1, water levels in wells 1-1 and 1-2 were bailed down below the land surface during 
the winter months of 1991-92 and allowed to recover slowly. During subsequent years, water in the 
wells at both sites 1 and 2 was allowed to freeze, with no discernible damage to the PVC casing. 
Water levels for the 15 wells were plotted on hydrographs so that variations in water levels 
over time could be observed. Water levels during periods of well development and slug tests were 
included in the hydrographs so that recovery rates in the wells could be illustrated. 
Hydraulic Conductivity 
The hydraulic conductivity of the sediments at each site was estimated using long-term slug 
tests and analyzed using three methods. At site 2, the hydraulic conductivities in some wells also 
were determined using a pressurized slug test developed during this study. 
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Long-Term Slug Tests-The possibility of advective flow in the surficial deposits was examined by 
measuring hydraulic properties at the three well sites. Hydraulic conductivity of the sediments in 
which the wells were screened was estimated by analyzing slug tests. Water was removed from 
each of the wells using a bailer and the recovery rates of the water levels were recorded. The 
water levels in the wells generally were lowered to just above the tops of the screens. Recovery 
typically required periods of days to weeks, depending on the hydraulic conductivity of the 
formation the well was screened. Slug tests were applied to each well at least two times. 
The recovery rates of the water levels in the wells were analyzed using three methods. A 
method described by Hvorslev {1951) is for tests in unconfined aquifers. This method uses the 
ratio of measured head divided by initial drawdown head plotted against time, from which the time 
for the water level to rise to 37 percent of its initial change is used to calculate values of hydraulic 
conductivity. A second method for estimating hydraulic conductivity of sediments around wells 
screened in unconfined aquifers was presented by Bouwer and Rice (1989). This method 
considers the sand or gravel pack around the well screen as part of the well and uses the radius 
and porosity of the sand or gravel pack in the calculations. Both of these methods were designed 
for unconfined aquifers, and therefore may not be entirely applicable to measuring hydraulic 
conductivity in the thick glacial and lacustrine units in northeastern North Dakota. The low 
permeability of these sediments acts to confine the screened interval. The method described by 
Cooper and others (1967) was designed to measure hydraulic properties in confined aquifers, and 
therefore was also applied to the data. 
Pressurjzed Slug Tests-Many recent ground-water studies have investigated the hydraulic 
properties of low-permeability geologic material, such as glacial tills, lacustrine or marine clays, 
shales, and various crystalline rocks. Interest in these type of units as possible sites for landfills, 
waste-water injection, and nuclear-waste repositories has generated much of the interest. 
However, the properties of "tight" formations that act as confining units to aquifers, yet provide 
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some water from storage to the aquifers and allow some degree of leakage, are of interest to 
ground-water scientists. 
Numerous methods have been applied to estimate the hydraulic conductivities of tight 
formations. Conventional aquifer pumping tests usually are not applicable due to the low-
permeability of the units being tested. supplying insufficient water to maintain constant pumping 
rates. In glacial tills, with moderate permeability, it may be possible to use methods described by 
Hantush and Jacob (1955) and Hantush (1964) to examine the contributions from confining units. 
This can be accomplished using a pump with adjustable discharge rates such as a peristaltic or 
positive-displacement (bladder) pump (Strobel, 1993). However, in tight formations, researchers 
have used slug tests to estimate hydraulic properties (Cooper, and others, 1967; Papadopulos and 
others, 1973). Bredehoeft and Papadopulos (1980) outlined a method of using a pressurized slug 
test to determine the hydraulic properties of tight formations. This method was modified by Neuzil 
(1982) to adjust for compressibility in the shut-in well and initial equal hydraulic head in the well 
and the formation. 
As part of this study to examine the vertical movement of ground water through glacial and 
lacustrine sediments in northeastern North Dakota, hydraulic properties of the silts and clays were 
tested. First, to determine the vertical hydraulic gradients at the three test sites, nests of wells that 
ranged in depth from 15 to 106 feet were installed at each site. Existing logs (Downey, 1971 ) from 
nearby borings were combined with detailed lithologic logs from the wells drilled at each site to 
estimate the relative hydraulic conductivity of the sediments and to construct a lithologic section of 
the study area. Vertical hydraulic gradients at the study sites are 0.29 upward at site 1, 0.04 
upward at site 2, and 0.11 downward at site 3. 
Measurements of hydraulic conductivity were first estimated using the long-term slug tests. 
These long-term slug tests involved bailing or pumping the wells and measuring recovery. In many 
wells in the lacustrine sediments, recovery required weeks to complete. In many of the shallow 
lacustrine wells screened in weathered sediments and in the glacial till wells (Site 3) recovery was 
faster. In addition, the Hvorslev (1951) and Bouwer and Rice (1976) methods also were applied to 
the data. The Cooper and others· (1967) method is most applicable because it is designed for 
confined aquifers. In measuring hydraulic properties of lacustrine clays and silts, it can be 
assumed that the geologic material surrounding the well screen is essentially the extent of the 
aquifer that will be affected by the slug test, while most of the thickness of the lacustrine sediments 
will respond so slowly that these sediments act as confining units for all practical purposes. 
Therefore, a confined aquifer test best suits this setting. Hvorslev (1951) and Bouwer and Rice 
(1976) are designed for unconfined aquifers, which, in principle, describe the lacustrine sediments 
that extend to land surface, yet transmit water poorly and are, in essence, self-confining. 
Regardless, these methods both provided results with similar values to the Cooper and others· 
(1967) method. 
Because the length of time required to measure hydraulic properties in tight formations 
using standard methods is excessive, two types of instruments were designed and tested that use 
a pressurized slug test, as outlined by Bredehoett and Papadopulos (1980) and Neuzil (1982). 
This instrumentation and test analysis design was used for the lacustrine sediments in the study 
area, but are applicable to other tight formations that have compressibilities much greater than 
water and the well system being tested. 
A comprehensive discussion of the theory of the pressurized slug test is described in 
Copper and others (1973) and Bredehoeft and Papadopulos (1980). In general, a well is drilled 
and cased to some depth in a tight formation (Figure 20). The screen or open hole represents the 
interval being tested. The initial head in the well tested should be at static conditions, i.e., equal to 
the hydraulic head in the formation at the screen or opening. The test is conducted by adding or 
removing a 'slug' of water from the well and measuring the change in head over time. This 
relationship can then be used to estimate hydraulic properties of the open interval. Bredehoeft and 
Papadopulos (1980) present the solution for change in head in the well as: 
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Figure 20. Well screened in tight formation. 
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where H is head at time t, L; 
Ho is head at start of the test, L; 
r5 is radius of the well screen or open hole, L; 
S is storativity, dimensionless; 
Vw is volume of the well, L 3; 
Cw is compressibility of water, LT2/M; 
Pw is density of water, M/L3; 
g is gravitational acceleration, UT2; 
T is transmissivity, L 2/T; 
tis time from start of test, T. 
a. and J3 are dummy variables corresponding to the first and second parameters of the 
function. 
(1) 
Values of a can be selected from type curves provided by Cooper and others (1973) and 
Bredehoeft and Papadopulos (1980) by overlaying plots of H/Ho vs. time from the field data and 
matching recovery curves. Once a value of a is selected, storativity can be calculated as 





Hydraulic conductivity is the transmissivity divided by the length of the screened interval or open 
hole. 
Neuzil (1982) made two changes to the procedures described by Bredehoeft and 
Papadopulos (1980). He demonstrated that static conditions in the well were not guaranteed using 
their techniques and that the compressibility of the well should be used instead of compressibility 
of water in equation 3. Therefore, in Neuzil's calculations Cw is replaced by Cobs, the 
compressibility of the pressurized well. 
Three modifications to equation 1 are made here for specific conditions in the tests 
conducted in this study. First, in wells in which the screen is surrounded by a filter pack of sand or 
gravel, the effective radius of the screen, r 5 , is actually the radius of the well plus filter pack. 
Because the filter pack has a hydraulic conductivity orders of magnitude greater than the 
surrounding tight formation, the filter pack can essentially be considered part of the well. Second, 
because the filter pack is considered to be part of the well, the pore volume of the filter pack 
should be included in the calculation of Vw. Finally, compressibility of the formation being tested 
may be greater than the compressibility of the pressurized well and of water and, in such cases, 
should be used in place of Cw in equation 1. Neuzil (1982) demonstrated that compressibility in the 
pressurized well open to the Cretaceous Pierre Shale was approximately a factor of six greater 
than water. For tests in rock formations, well deformation is the largest source of volume change 
due to compression in a pressurized slug test. And this may be the case for most unconsolidated 
deposits. However, estimates of compressibility of saturated sediments, especially unconfined 
units, should be examined to determine if compressibility of the sediments is a significant effect. In 
addition, the test system should be tested for estimates of compression in the system itself during 
pressurized tests. 
The two types of instruments used to produce a slug of pressure and measure the change in 
pressure over time in the wells are described below. The instruments will be referred to as 
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bladders and packers. Both instruments were constructed with inexpensive materials available in 
most hardware stores, and are, therefore, practical for ground-water professionals and students 
with limited budgets. Length specifications are omitted in the following discussion because the 
instruments should be tailored for specific application. These instruments were constructed for 2-
inch diameter PVC wells. 
The construction of the bladder system (Figure 21) starts with a metal pipe threaded at both 
ends. The metal pipe is placed inside a plastic pipe, capped at both ends. The threaded ends of 
the metal pipe should extend through holes drilled through the plastic caps and the ends of the 
metal pipe secured with nuts. It works best if the holes in the plastic caps are threaded and the 
metal pipe securely screwed through the caps. The plastic pipe should have holes drilled along its 
length. A rubber bladder (this study used a piece of bicycle inner tube) is slipped over the plastic 
pipe and secured at both ends with a rubber cement and plastic wire holders. The ends of the 
bladder are then coated with a rubber sealer. A small hole is drilled through the upper plastic cap 
and tapped with a gas tube fitting. A plastic hose from this fitting will extend up out of the well and 
to a nitrogen tank. A pressure transducer is screwed onto the top end of the metal pipe. 
The bladder system needs to be tested for leaks before field use. Any gas leak from the 
bladder system into the well can force water levels to decline and cause erroneous test results. It 
is advantageous to be liberal with cement and sealer when constructing the bladder. 
Emplacement of the bladder system into a well (Figure 22) depends upon the water levels 
and recovery time needed to achieve static conditions. Before placement of the bladder system, 
water should be added to the well to bring the water level to the top of the casing. Next, fill the 
metal pipe of the bladder with water and place a finger over the opening. Insert the bladder into the 
well, removing the finger once the bladder is partially submerged. This step is important for 
removing air between the transducer and the well. Lower the bladder system, including the 
transducer, to a depth slightly below the static water level. The bladder system should remain 
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Figure 21. Bladder system. Seal design for 2-inch diameter well. 
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Figure 22. Arrangement for conducting pressurized test using bladder system. 
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conditions, the test can be run. Wells in low-permeability materials may require a long time to 
recover. One possible solution is to remove water from the well to near static conditions following 
emplacement of the bladder system. This would mimic natural recovery. However, it is advisable to 
monitor the well for a short time following this procedure before running the test in order to observe 
any delayed response in the formation to bladder system emplacement. 
The test is run by applying pressure to the bladder and recording the change in pressure at 
the transducer over time. For this study, 80 pounds per square foot of nitrogen was applied, but 
this value should be adjusted for specific conditions. The test should be run until H/Ho is at least 
0.5, in order to produce a good curve, or until declines level out. It was found that as pressures 
neared static conditions or leveled out. the results became erratic. 
Anomalies may occur in the results of tests run over long periods {days). In this study, one 
test was run continually for seven days and revealed diurnal fluctuations in the recovery data. 
Barometric pressure changes did not correspond with the pressure fluctuations in the well. It was 
concluded that diurnal temperature patterns affected the regulator on the nitrogen tank and 
caused fluctuations in the test results. This pattern can be averaged out of data from tests 
extending many days; however, tests over a single day need to be adjusted for this effect. 
A second type of system, a packer {Figure 23), is designed to apply pressure manually to 
the well. The packer system eliminates the need for a gas supply at the test site and problems that 
may result from temperature and pressure fluctuations. The packer system consists of a rubber 
seal between two plastic washers. A threaded pipe is attached to the lower washer and extends 
through a hole in the upper washer. A flange is threaded onto the pipe. A section of PVC pipe is 
slipped over the flange and secured by a pin. The length of the PVC pipe depends on the depth to 
water in the well tested. The cable of a transducer is run up through the washers and PVC pipe 
and attached to a datalogger. The connection between the transducer and the lower washer must 
be sealed tightly. 
Transducer Cable 
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Figure 23. Packer system. Seal design for 2-inch diameter well. 
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The packer system should be adjusted prior to emplacement in the well by expanding the 
packer such that the diameter of the rubber seal allows the seal to be in contact with the wall of the 
well, yet allows vertical movement. The packer system is placed in the well and lowered to a point 
where the rubber seal is below the static water level (Flgure 24). The transducer will displace the 
water in the well and this should be allowed to equilibrate before beginning the test. 
Once the static water level is equilibrated, the packer system can be set by rotating the PVC 
pipe, thereby expanding the packer and pressurizing the well. The slight expansion of the packer 
system downward causes an increase in well pressure. The decline in pressure over time can then 
be measured. 
Rowing Well Inventory 
In 1992, an inventory of flowing wells in eastern Grand Forks and Walsh Counties was 
compiled from the county ground water studies. At the time of publication of the county ground 
water studies there were 105 flowing wells listed for eastern Grand Forks County (Kelly, 1968) and 
181 flowing wells listed for eastern Walsh County (Downey, 1971 ) (Rgure 25). Since the county 
ground water studies, nine more recently constructed flowing wells have been cataloged in the 
files at the North Dakota State Water Commission (NDSWC). 
To verify the existence of the flowing wells listed in the county ground water studies, 174 
sites were visited in the fall 1992 and 43 flowing wells located. At sites with flowing wells, 
information on the specific location, well condition (whether capped, controlled by a valve, or 
unrestricted), flow rate, specific conductance, temperature, and additional observations were 
recorded. At sites where flow was routed through an orifice, flow rates were determined 
volumetrically. However, flow commonly occurred as seepage at the ground surface or along 
corroded well casing. At such sites, flow rate was estimated by making a small channel away from 
the well and measuring the flow, where possible. 
Local residents were another source of information on flowing wells. During the 1992 field 
inventory, 15 wells were located and visited as a result of conversations with residents. These 
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Figure 25. Locations of flowing wells in Grand Forks and Walsh Counties. 
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at the NDSWC. Because of the short duration of the field inventory, many additional wells 
identified through discussion with local residents were noted in the field notes but were not visited 
to verify existence. 
In the summer of 1993, 14 additional wells were located; four of which flowed. No direct 
measurements were made of discharge and specific conductance, but exact well locations and 
descriptions were recorded. Again, local residents provided information an additional wells that 
were not in the available data bases. 
Hydrochemistry 
The ground-water chemistry of the three sites in this study was examined by collecting 
samples from each well and characterizing the major dissolved ions and other attributes. The pH, 
temperature, dissolved oxygen, and specific conductance were measured in the field. Samples 
were then sent in to the U.S. Geological Survey Central Laboratory for analysis of major cations 
and anions. 
During the field sampling, water levels and water temperature were measured in each well. 
Water levels were obtained using a steel tape. Water temperatures were measured using an 
electronic probe lowered into each well. Fallowing these initial measurements, water was sampled 
using PVC bailers. Because mast of the study wells have very slaw recovery times, the wells were 
not bailed directly prior ta sampling. Instead, all the wells were purged about three weeks prior to 
the sampling exercise and allowed ta recover ta near-static conditions. 
Samples bailed from each well were measured far pH and specific conductance in the field 
using portable instruments (either Yellow Springs or Hach instruments). At site 2, water samples 
were measured far dissolved oxygen using a Hydralab instrument. Samples were then measured 
far alkalinity using the incremental tritratian method. This was accomplished by taking 50 ml of 
sampled water and placing the sample in a beaker with a stirrer bar. The samples were measured 
for pH, which should be below 8.3 if only bicarbonate contributes ta the alkalinity (above 8.3 
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indicates carbonate contribution). By adding 1.6 N sulfuric acid to the sample in increments and 
measuring the pH following each addition, an inflection point can be determined. For our 
purposes, at least five increments between 5 and 4.5, followed by two increments below 4.5, were 
used and the information computed using a U.S. Geological Survey computer program for 
determining alkalinity. Theoretically, if bicarbonate is responsible for consuming acid, the inflection 
point should occur at 4.5. However, other impurities and dissolved solids in the water samples can 
cause lower pH values for the inflection point. 
Three water samples were collected from each well. The three samples included one 250-
ml unfiltered sample, one 250-ml filtered, untreated sample, and one 250-ml filtered sample 
preserved with nitric acid. All samples were packed in ice and sent to the U.S. Geological Survey 
Central Laboratory for analysis. The laboratory measured specific conductance, pH, hardness, 
dissolved solids, calcium, magnesium, sodium, potassium, sulfate, chloride, fluoride, silica, 
arsenic, boron, iron, lead, lithium, manganese, mercury, molybdenum, selenium, strontium, 
sodium absorption ratio, sodium percent. 
MODFLOW Simulation 
A numerical model was used to study the ground-water flow through the bedrock units and 
how this affects the discharge of saline water to the surface. The ground-water flow model focuses 
on northern Grand Forks County and eastern Walsh County (Figure 26). This area is about 1,224 
square miles and is roughly bounded on the west by the margin of the Red River Lake Plain and 
on the east by a line just a few miles east of the Red River into Minnesota. Both areas include the 
Turtle, Forest, and Park Rivers. 
The model examines ground-water flow through the Dakota Group, generally considered the 
lnyan Kara aquifer, and Paleozoic limestones. For purposes of the model, Cretaceous shales of 
the Carlile, Greenhorn, and Belle Fourche Formations, which overlie the Dakota Group, are 
considered confining layers and do not contribute significantly to ground-water flow. Jurassic 
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Figure 26. Area of MODFLOW simulation. Each cell is 3 miles by 3 miles. 
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redbeds and Paleozoic limestones possibly underlie the lnyan Kara aquifer throughout much of 
the model area, but there is a lack of geologic cores to support this fully. For purposes of the 
model, the Jurassic redbeds are the lower confining unit to the aquifer. Because the hydraulic 
conductivities in the aquifer greatly exceed those estimated for the redbeds and the Paleozoic 
limestones. the assumption of a lower confining unit is valid for this model. Ground water in the 
lnyan Kara aquifer and Paleozoic limestones generally flows from west to east in the modeled 
area. 
The U.S. Geological Survey's modular three-dimensional finite-difference ground-water flow 
code (MODFLOW) (McDonald and Harbaugh, 1988) was used to develop the model. The 
modeled area was divided into 3 mi2 cells, 10 cells wide in the east-west direction and 12 cells 
long in the north-south direction. Thickness of the cells was determined from geologic cross 
sections prepared from information obtained from county ground-water studies {Hansen and 
Kume, 1970; Downey, 1971; Bluemle, 1973) and from the Red River Valley Drilling Project {Moore, 
1978). The Dakota Group, and particularly the lnyan Kara Formation, pinch out near the eastern 
margin of the model, where about 300-ft thick Paleozoic limestones begin to subcrop. The model 
treats the bedrock geology as a single layer, and unit thickness is accounted for in the 
transmissivity term for each cell. Because of its relatively larger hydraulic conductivity, the lnyan 
Kara aquifer is assumed responsible for most ground-water flow until it pinches out in the eastern 
part of the model. 
The boundary conditions for the model consists of constant heads along the western margin 
and no-flow boundaries along the north, east, and south margins. The constant heads along the 
western margin represent inflow of ground water from the Williston Basin, as modeled by Downey 
(1986). Because the flow is mainly from west to east, no-flow boundaries along the northern and 
southern margins best represent the system. Bedrock units thin and pinch out to the east, so a no-
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flow boundary is used here, although the exact location of the eastern margin of the bedrock units 
is unclear. Heads in the upper surface of the model were variable. 
Hydraulic conductivities for the bedrock units were based on aquifer test data for particular 
formations, and, therefore, were partitioned accordingly. The hydraulic conductivities for the 
overlying Cretaceous shales range from 2.6 x 1 o-6 to 6.5 x 10-1 ft/d (Gerla, 1992). The Dakota 
Group was given a hydraulic conductivity of 63 ft/d. The value was determined by using the value 
of transmissivity for the lnyan Kara aquifer by Downey (1973) and estimating thickness of 100 feet 
in the study area. The Red River Formation, which comprises the Paleozoic limestones in 
northeastern North Dakota, has not been evaluated for hydraulic properties in this area. A value of 
0.003 ft/d was selected from the medium part of the range given by Freeze and Cherry (1979). 
Because the Dakota Group has a hydraulic conductivity at least 5 orders of magnitude larger than 
some of the overlying shales, ground-water flow through the shales was not considered for the 
model. 
Hydraulic heads across the model were determined from data collected in 1939 by Howard 
E. Simpson, former State Water Geologist, North Dakota Geological Survey. An unpublished 
inventory compiled by Simpson using a questionnaire mailed to landowners in Grand Forks and 
Walsh Counties, among others, provides information on well location, depth, date dug or drilled, 
water level at the time of well construction, 1939 water level, and well capacity. The information for 
the model area is given in Appendix B. For the model, hydraulic heads measured in wells prior to 
1930 were selected because this date represents water levels prior to major development of 
deeper wells in the basin. Prior to 1930, many wells were hand dug and obtained water from 
shallow sources. During the period of drought beginning in the 1930s, numerous deeper wells 
were drilled and more water was pumped for irrigation and livestock. In addition to the criterion of 
pre-1930 wells, only wells deeper than 100 feet were used, thus avoiding any data from perched 
water tables in the shallow surficial sediments. A potentiometric surface map using the heads from 
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wells that met the criteria is shown in Rgure 27. This map provided the head contours to which the 
model was calibrated. 
Using transmissivities calculated from aquifer thickness and hydraulic conductivities (Rgure 
28), the model was run using a steady-state simulation. Hydraulic heads were contoured and 
compared to pre-1930 heads. The heads were calibrated to mimic the pre-1930 heads by 
adjusting discharge from individual cells. This was accomplished by using negative recharge 
values for the cells. Sensitivity of the model was examined by making numerous model runs using 
various discharge values and hydraulic conductivities. 
The result of the modeled ground-water discharge was compared to maps showing 
thicknesses of glacial till, lacustrine sediments, and total surficial sediments, as well as locations of 
flowing wells, and occurrence of saline soils. These different coverages provided information as to 
which physical factors affect and are affected by ground-water discharge. 
Surface Water 
Lakes and Wetlands Occurrence and Hydrochemistry 
It is difficult to establish a direct connection between bedrock aquifers and the location of 
lakes and wetlands. Cores directly beneath the lakes were not attempted because the salinity of 
the lake water prevented adequate freezing to support a drill rig during winter months. However, 
many indirect methods were used to examine the relationship of lakes and wetlands to bedrock 
ground-water discharge. 
In order to examine if Lake Ardoch results from a topographic depression that penetrated 
the lacustrine sediments, numerous bathymetric measurements were taken during the Fall 1994. 
Using a 12-foot boat powered by an outboard motor, and using a 30-pound weight on a cable with 
a winch and a digital depth gauge, approximately 50 depth measurements were made along 
traverses across the lake. 
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F = flowing well 
Figure 27. Potentiometric surface map of bedrock ground water in the model area 
prior to 1930 (data from Simpson, 1939, unpublished). 
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Aerial photographs and topographic maps also were used to examine the physical nature of 
lakes and wetlands in the study area. Delineation of abandoned stream meanders, points of 
confluence between streams, hummocky terrain associated with glacial deposition, and other 
related factors were explored as possible origins for present lakes and wetlands. 
The effects of ground-water discharge on water quality in Lake Ardoch were estimated by 
making specific conductance measurements in the Forest River above the lake, in water from the 
lake, and in the Forest River downstream from the lake. Similar measurements were made on the 
Park River and Salt Lake. The specific conductance was used as an estimate of dissolved solids, 
and was measured using a Yellow Springs Instruments portable specific conductance instrument, 
which can measure specific conductance up to 20,000 uS/cm. 
Specific conductance was measured at 20 sites in Salt Lake, each about 30 feet from the 
shoreline. Samples were collected by wading into the lake (actually, wallowing through the thick, 
sticky mud) and collecting surface water in a 500-ml beaker and returning to shore, where specific 
conductance was measured. In addition to the water samples, lake-bottom appearance, lake 
vegetation, and shoreline sediments were also observed for any variations that might be related to 
variations in the specific conductance of the water samples. 
Stream Discharge and Hydrochemistry 
During June and July 1991, 24 surface-water sites on the Red River and its tributaries were 
sampled to assess variations in water composition in the basin (Figure 29). The purpose was to 
locate areas where ground water may be significantly influencing stream quality. Specific 
conductance was used to indicate differences in dissolved solids in water samples from the Red 
River tributaries in North Dakota and Minnesota. 
A streamflow and water-quality monitoring program at 16 sites on the Turtle, Forest, and 
Park Rivers began in October 1991 (Figure 30) to measure temporal variations in surface-water 
quality and dissolved solids. Discharge and specific conductance were measured about every 5 
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Figure 29. Surface-water sampling sites in North Dakota and Minnesota, 
June and July, 1991. 
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Figure 30. Surface-water sites for discharge and specific-conductance 
measurements, October to December 1991. 
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weeks into December 1991 at each of the sites. Discharge and specific conductance data also are 
available from the U.S. Geological Survey gaging stations on the Red River at Grand Forks, 
Drayton. and Emerson. 
Discharge and specific conductance were measured on the Red River and its tributaries 
from December 9 to 12, 1991. These measurements were made during a reconnaissance base-
flow sampling for the Red River basin study under the U.S. Geological Survey National Water-
Quality Assessment Program (NAWQA). Specific conductance was used as an estimate of the 
quantity of dissolved solids in water. The relationship between specific conductance and dissolved 
solids varies for different streamflow conditions, but the specific conductance in uS/cm of streams 
in North Dakota is generally about 0.6 of the dissolved solids in mg/L (Harkness and others, 1993). 
The results of this exercise helped focus further studies on the area of the Turtle, Forest, and Park 
Rivers. 
Long-term streamflow records and dissolved-solids loads were used to evaluate the effect of 
ground-water discharge and the three tributaries on the Red River in the study area. Long-term 
streamflow records for the Red River at Grand Forks are continuous from 1882 to present. 
Streamflow records for the Red River at Drayton are continuous from 1942 to present. Since 1970, 
specific conductance measurements have been made at both stations whenever discharge 
measurements were completed, or about once every month. The long-term data provided the 
information so that trends in streamflow and water quality could be examined. Measurements of 
stream discharge and load were made at these stations along the Red River and at the mouths of 
the Turtle, Forest, and Park Rivers during the fall and winter of 1992-93. Load was estimated from 
the specific conductance of the water samples. These measurements were compared to historical 
records of streamflow and load for these months for 1970 to 1993. 
RESULTS 
The results of these various approaches to describe the quantity and quality of the seepage 
and transport of saline ground water to the surface in the Red River basin are presented in the 
following sections. 
Glacial Stratigraphy and Sedimentation 
Geology of the Three Study Sites 
A brief summary of the core descriptions and textural analysis is presented below and 
includes an attempt to correlate the units with those of Harris and others {1974). Descriptive logs 
of the cores is provided in Appendix C. Textural analysis was completed at the University of North 
Dakota and results are presented in Appendix D. In the following section, each site is discussed 
individually at first, followed by a correlation of the stratigraphy. Because the previous discussions 
of stratigraphic sequences in this paper were from oldest to youngest, the same format will be 
followed in this section . 
.SWU -Site 1 (latitude 48 ° 15'29"N, longitude 97 ° 17'04 'W, elevation 81 O feet amsl) is located in 
an area of saline lacustrine soils. The 80-foot core recovered from this site (Figure 31) revealed 
interbedded silts and clays near the bottom that grade downward into contorted silts. The 
contorted silts at the base of site 1 are glacial sediments of the Falconer Formation. Cores from 
nearby locations (Downey, 1971 ) indicate that this silt unit is extensive and can reach thicknesses 
in excess of 30 feet. Texture at the contact between the Falconer Formation and the overlying 




;;;:i::;:~:S::I: E ii ,a ,, 




900 .. 7 1275 
890 . . 6 --
1-270 880 . 
870 5 . 
I 860 -- r2e5 . 
I 4 850 .. -
I - 3 r2eo -- S.te2 .. 
£ 
840 . 2 Wells ! 
" -- ~'":;:~"':!: E ,a 
,a Formations 
§ 830 
.,,.,, .,, ~ , ,, 
f E 255 i .. 1 ~~~~~~ .a~••H{ t w 820 Oahe Fm § - Sherack Fm Site I .. Wells ! 3 
810 -f l... ~ 1111111111 u L' ... [:_ L .. r Poplar River Fm ;;;:i::;: l ! B 
250 3 " Formallons <,) ~~~ .W~™T 
E 
i 800-I L. 11111111- 1==;:;:::1 L f Oahe Fm 245 
= 790-I 11111111 1-,;::;:'3,j L t llll~"~tf ~ .. f. 
Sherack Fm 
Brenna Fm 
Poplar River Fm I 




II~ II r-·1 ~- ~ 1111 ~Wt~ i. ~· ~235 





t· l IJ.. I .. It t: r 730 n ,..._ 1225 --Falconer Fm --
Falconer Fm 





Figure 32. Textural analysis of sediments from site 1. 
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The even mixture of clay and silt probably results from the gradational contact of glacial ice 
deposition to a lacustrine environment. 
Overlying the Falconer Formation is a 63-feet thick clay unit of the Brenna Formation. It is a 
dark gray clay or silty clay, about 75 percent clay and 25 percent silt, with some calcareous 
nodules occurring throughout the section. The clay is soft, generally 1.0 tons per square foot 
(pocket penetrometer). There are no apparent structures or bedding in this unit, as it appears to be 
massive and vertically uniform. 
At the top of this unit is a zone of clay and silt less than one-foot thick that contains abundant 
roots and other organic material, representing either a paleosol or river bottom vegetation. 
Overlying this is a clayey silt loam about eight-feet thick, the Poplar River Formation. It appears as 
interbedded clay and silt layers, has crossbedding, and may be associated with deltaic or fluvial 
deposition when the floor of glacial Lake Agassiz was exposed to fluvial and subaerial processes. 
The unit has less than 1 percent sand, 39 to 72 percent silt, and 26 to 61 percent clay (Figure 32). 
A two- to three-feet thick silty clay unit overlies the Poplar River Formation (Rgure 31 ). It is 
uncertain whether this unit represents lacustrine sediments of the younger Sherack Formation or 
is part of an abandoned meander in the Poplar River Formation. It has about 50 percent silt and 50 
percent clay, with minor amounts of sand (Rgure 32). It is dark brown and has numerous 
horizontal fractures filled with light brown carbonate precipitate. 
Overlying this unit and extending to the surface is a ten-feet thick weathered silty clay loam 
(Figure 31). It consists of about 2 percent sand, 54 percent silt and 44 percent clay (Figure 32) and 
is probably the Oahe Formation. It is very hard when dry and somewhat softer (3.75 tons per 
square foot yield stress) when wet. There is much mottling throughout the unit, and no significant 
structures are visible. 
Sim.,2-Site 2 (latitude 48° 12'34"N, longitude 97° 23'46'W, elevation 834 feet amsl) is located in 
an area of non-saline lacustrine soils. The core at site 2 extends to 106 feet below land surface 
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and is similar to the core at site 1 {Rgure 31 ). At the base of site 2 is a two-inch thick silt that 
grades upward into a silt loam to clay loam, six feet thick, and belongs to the Falconer Formation. 
The composition of the unit ranges from 18 to 33 percent sand, 44 to 55 percent silt and 22 to 36 
percent clay {Rgure 33). At the top of this unit are interbedded silts and clays, about one foot thick, 
that have crossbedding structures. These represent the transition from glacial to lacustrine 
conditions and were probably formed by glaciofluvial processes at the ice/lake boundary. 
Overlying the Falconer Formation and the crossbedded silts and clays is the Brenna 
Formation {Rgure 31 ). This unit, about 70-feet thick, consists of clay to silty clay. The Brenna 
Formation at this site has the same features as that observed at site 1 . 
At the top of the Brenna Formation are interbedded clays and silts that exhibit some iron 
oxidation {Flgure 31 ). These may be equivalent to the "paleosols" of site 1, but this is not certain. 
Overlying these clays and silts are about eight feet of strongly crossbedded silts that represent the 
fluvial sediments of the Poplar River Formation. The top boundary is gradational. This unit has a 
composition of generally 75 percent silt and 25 percent clay, with trace amounts of sand {Rgure 
33). 
The next unit is interpreted to be the Sherack Formation {Figure 31 ). It consists of a silty clay 
loam that is dark brown, plastic, and contains no pebbles. The unit is about two feet thick and 
consists of 2 to 5 percent sand, 58 to 66 percent silt, and 31 to 35 percent clay {Figure 33). 
Overlying the Sherack Formation and extending to the surface is a silty clay loam that 
contains abundant pebbles, possibly of fluvial or glacial origin. This unit is highly weathered and 
fractures extend throughout the ten-foot section. This belongs to the Oahe Formation. 
Sila..a-Site 3 {latitude 48° 18'33"N, longitude 97° 37'14'W, elevation 920 feet amsl) is in glacial 
sediments in Walsh County. The core extends to about 100 feet below land surface and consists 
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Figure 33. Textural analysis of sediments from site 2. 
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stratigraphy to particular glacial advances and phases without physical comparison to other cores 
in the region. Therefore, the core will be described as eight generalized units (Flgure 31 ). 
Unit 1 is about 20-feet thick and consists mainly of pebbly sandy loam (till) with numerous 
interbedded layers of silt, sand, and gravel. Because of the many silt. sand, and gravel lenses, the 
texture of the unit varies greatly. In general, the sandy loam has up to 11 percent gravel and about 
28 percent sand, 33 percent silt, and 32 percent clay (Flgure 34). Many of the sand and gravel 
layers contain well-rounded grains, indicating either glaciofluvial deposition or reworking of 
previously deposited fluvial sediments. The layers of silt, sand, and gravel generally have up to 1 O 
percent gravel, about 65 to 70 percent sand, 19 percent silt, and 5 to 9 percent clay. Unit 1 is 
strongly bimodal, with the sandy loam being distinctly different, texturally, than the silt, sand, and 
gravel layers. The unit has large cobbles in the sandy loam matrix near the bottom and is 
weathered and oxidized, indicating either that it was exposed to weathering at the surface for 
some time prior to burial or that older, weathered till was incorporated into the sediments from this 
glacial advance. The majority of the unit appears to be glacial and glaciofluvial deposition from a 
single phase of ice advance into the region. 
Unit 2 consists of about 10 feet of silt, sand, and gravel, with some interbedded clays (Figure 
31). There are numerous depositional features such as bedding, crossbedding and deformation. 
Sand grains are well-rounded crystalline minerals. The environment of deposition was lake 
margin, fluvial or glaciofluvial. 
Unit 3 is about 12-feet thick, pebbly sandy loam (Figure 31 ). The loam is gray, hard, 
unfractured, pebbly and contains a bedded layer of silt and sand.This appears to be a glacial till. 
Unit 4 is about 8 feet thick and consists of silt with some clay. The unit is bedded, with some 
crossbedding, and is slightly deformed. The environment of deposition is uncertain, but may be 
either lake margin, fluvial, or glaciofluvial. The unit probably represents a retreat of the glacier from 
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Figure 34. Textural analysis of sediments from site 3. 
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Unit 5 is about 21 feet thick, a loam in the upper half and a pebbly sandy loam in the lower 
half (Flgure 31 ). The upper section is an olive-gray till that is massive and contains abundant 
pebbles. There are two silt layers that generally separate the upper from the lower sections. 
Carbonaceous fragments were recovered from the core near the contact between the upper and 
lower half. The lower silt unit has contorted crossbedded layers that dip about 75 degrees, 
indicating post-depositional disturbance of the unit. The silt was possibly deposited by water, 
followed by glacial readvance over the unit, resulting in the disturbance. The lower section of unit 5 
is a sandy loam containing silt and gravel layers. 
Unit 6 is about 3 feet thick silt loam overlain by about 2 feet of interbedded silt, sand, and 
gravel (Flgure 31 ). The lower part of the unit consists of crossbedded silts. It appears the entire 
unit was deposited either in a fluvial, glaciofluvial, or deltaic environment. 
Unit 7 is a 22-feet thick pebbly sandy loam and is generally massive but with some thin silt 
layers (Flgure 31 ). Pebbles occur throughout the unit, but are larger and more abundant near the 
top of the unit. The upper part is highly fractured, and fractures contain calcite. This unit is 
interpreted to belong to the Falconer Formation that also occurs at the bottom of the other two 
cores. The Falconer Formation becomes sandy to the west in Grand Forks and in Walsh Counties 
and is distinguishable by its texture (Harris and others, 1982). Although quite variable, the unit 
generally consists of about 33 percent sand, 44 percent silt, and 23 percent clay (Figure 34). 
The uppermost two feet is unit 8, consisting of clay loam to sandy clay (Flgure 31 ). There 
are few pebbles present and much of this unit has been disturbed by farming. The environment of 
deposition is probably fluvial. It should correspond to the Oahe Formation because of its 
stratigraphic position. 
Correlation 
The correlation between sites 1 and 2 is simple because the sections contain the same 
stratigraphic units (Rgure 31 ). Both sites contain the Falconer Formation at their base, reflecting 
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glacial ice in the area. Overlying this unit is the Brenna Formation, deposited while Lake Agassiz 
occupied much of the basin. Next the Poplar River Formation, present at both sites, represents a 
time of fluvial deposition and subaerial weathering of the exposed lake beds. The possible 
paleosol at site 1 would support an interpretation of subaerial exposure. The Sherack Formation at 
both sites indicates a second, although shorter, occupation by Lake Agassiz. The upper unit at 
both sites is the Oahe Formation, river floodplain deposition. 
Correlating site 3 to the other two sites is more difficult. The majority of the units 
encountered in the core at site 3 were deposited by glacial advances prior to the formation of Lake 
Agassiz and, therefore, are not present in the other cores. Unit 7 at site 3 is possibly the Falconer 
Formation, the basal unit at sites 1 and 2. At the time of deposition of the Brenna and Sherack 
Formations at sites 1 and 2, the area around site 3 was probably exposed to weathering because 
the top of the Falconer Formation is about 180 feet higher elevation at site 3 than at site 2. The 
upper unit at site 3 may correlate to the Poplar River Formation; both are alluvial sediments. 
However, it is more probable that this unit is the Oahe Formation. 
To better understand the geologic setting within the study area, four cross-sections were 
completed (Figures. 35-39), two east-west and two north-south. Information for the cross-sections 
was obtained from county ground-water reports (Hansen and Kume, 1970; Downey, 1971; 
Bluemle, 1973), North Dakota Geological Survey Studies (Moore, 1978), drillers' logs on file at the 
North Dakota State Water Commission, logs from the Energy and Environmental Research Center 
(Kuhnel, Energy and Environmental Research Center, 1993, written communication), and cores 
from this study. These cross-sectional views illustrate the lateral correlation of the various units in 
the study area. From the data, generalized contour maps of the bedrock, till, lacustrine deposits, 
and surficial sandy units were produced (Figures. 7, 40-42). This information becomes important 
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Figure 41. Lacustrine sediment surface map in the study area. 
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Figure 42. Sand deposits in the study area. 
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Water levels measured in wells at sites 1, 2, and 3 are presented in Appendix E and shown 
in Figures 43, 44, and 45. Water levels generally remained stable throughout the year if not 
affected by bailing for sampling and aquifer tests. Sharp declines in water levels represent 
fluctuations due to aquifer tests. 
Wells at site 2 that were equipped with the nitrogen bubbler system generally remained ice 
free. Problems occurred when nitrogen tanks emptied between site visits, during which times ice 
did form in the wells. At one point, ice formed on the water surface of well 2-1, even with the input 
of nitrogen. This created an interesting result in which the ice acted as a seal above the water 
column. Nitrogen continued to be injected into the well, which resulted in pushing down the water 
column. This is analogous to a slug test using gas to cause a decline from the static water level. 
Aside from this example, the nitrogen bubbler system generally was successful in keeping the 
wells ice free while not affecting water quality. 
Hydraulic Conductivity 
Long-Term Slug Tests-The three methods used to examine the long-term slug tests produced 
estimates of hydraulic conductivity generally within one order of magnitude of each other for the 
various units (table 1 ). The exception was well 3-2, which is screened in shallow glacial sediments 
and may behave as an unconfined aquifer. 
Pressurized Slug Tests-The two systems described earlier were tested in wells screened in 
lacustrine clays and silts in northeastern North Dakota. Unpressurized long-term (weeks) slug 
tests had previously been applied to the wells and values of hydraulic conductivity calculated from 
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Figure 43. Water levels at site 1 , September 1991 to April 1995, showing declines due to slug tests 
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Figure 44. Water levels at site 2, September 1991 to April 1995, showing declines due to slug tests 
in the early portion of the hydrograph and static water levels in the latter portion of the 
hydrograph. 
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Figure 45. Water levels at site 3, September 1991 to April 1995, showing declines due to slug tests 




Table 1. Results of slug tests at the three study sites using three different methods. Values of hydraulic 
conductivity given in feet per day and show range for various slug test analyses. 
Well 
Hvorslev (1951) Bouwer and Rice Cooper et al. ( 1967) Storativity 
method (1989) method method 
1-1 8.9 x 10·5 - 1.4 x 1 o-4 4.7 X 10-4 - 7.4 X 10-4 9.1 X 10"5 - 1.3 X 10"4 10-4 
1-2 3.5 X 10·5 - 8.5 X 10-5 3.8 X 10"5 - 9.2 X 10"5 6.7 X 10-S - 1.8 X 10-4 10-4 
1-3 2.4 X 10"5 -3.5 X 10"5 9.5 X 10"5 - 1.3 X 10-4 4.4 X 1 o·5 - 5.6 X 10"5 10-4 
2-1 2.8 X 10-4 -4.l X 10-4 3.3 X 104 -4.8 X 104 4.3 x I o4 - 5.6 x 10·4 10-4 
2-2 5.0 X 10"5 2.3 X 104 7.7 X 10·5 10-4 
2-3 7.8 X 10"5 - 1.3 X 104 3.5 x 104 - 5.8 x 1 o-4 1.7 X 10-4 - 3.1 X 10·4 104 
2-4 1.3 X 104 6.7 X 104 3.5 X 104 10-4 
2-5 1.2 X 10.J 4.2 X 104 1.4 X 10.J 10-4 
2-6 4.5 X 10"1 2.0 1.1 104 
3-1 3.4 X 10"5 1.5 X 104 5.6 X 10-S 10·3 
3-2 6.6 X 10"2 4.1 X 104 1.8 X 10·1 10·5 
3-3 6.3 X 10"5 2.7 X 104 2.5 X 104 104 to 10·9 
3-4 8.5 X 1 o-S - 1.5 X 104 3.6 X 10-4 - 6.4 X 10-4 2.5 X 104 - 4.0 X 10"4 10"5 
3-5 5.2 X 10·3 2.3 X 10"2 7.2 X 10.J 10-3 
3-6 6.3 X 10"5 - 7 .2 X 10·5 2. 1 x 1 o4 - 3.1 x 1 o-4 9.9 X 10-S - 1.9 X 10·4 10·3 to 104 
the results. The bladder and packer systems were then used to run slug tests and the results of 
the tests were compared. Two of the tests are outlined below. 
The bladder system was used in well 2-3, which is about 45 feet deep and screened in 
unfractured silty clay. The test extended for about 4 hours. A hydraulic Cuiiductivity 1Jf about 6 x 
1 o·5 ft/d was computed. In comparison, the long-term test, completed at four separate times, 
ranged between 18 and 83 days in length. These tests indicate hydraulic conductivity between 
7 .8 x 1 o·5 and 5.8 x 104 ft/d, using the three different methods. The computed storativity for the 
formation using the bladder system was 3 x 10·1. The variations between the storativities 
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calculated from the long-term slug tests and this test may be due to uncertainties in the value of 
compressibility. 
The packer system was tested in well 2-4, which is about 85 feet deep and screened in 
unfractured silty clays. The test extended for 50 minutes. Results indicate a hydraulic conductivity 
of 2.0 x 1 o-4 ft/d and a storativity of 9 x 1 o-3. The long-term tests in this well ranged from 18 to 61 
days in length. A hydraulic conductivity in the range of 1.3 x 1 o-4 to 6. 7 x 1 o-4 ft/d was computed 
from these tests. The storativity was essentially the same for both tests. 
The pressurized tests result in hydraulic conductivities similar to those measured in the long-
term tests. This indicates that the pressurized tests provide an inexpensive and quick estimate of 
hydraulic conductivity, but long-term tests are more appropriate for accurate results because the 
value of compressibility is a source of error in pressurized tests. The sources of error in the 
procedure occur either in the experimental execution or data analysis. Adequate testing of 
transducer calibration, accurate well dimensions, and static water conditions are essential for 
calculation of hydraulic parameters of the geologic media. The selection of the values of ex and Cw 
in equations 2 and 3 are the major sources of error. The value for a is selected from curve 
matching to type curves provided in Bredehoeft and Papadopulos (1980). Pressure tests with less 
than 50 percent decay of head change (H/Ho = 0.5) would not be adequate for accurate curve 
matching (Bredehoeft and Papadopulos, 1980). This was the case for well 2-4 test discussed 
above. Bredehoeft and Papadopulos (1980, p. 236) discussed this source of error and showed 
that the error in storativity is equal to the error in a, but the effect on transmissivity is small. 
The other source of error is inaccurate estimation of compressibility. Neuzil (1982) 
discussed the importance of accounting for the compressibility in the pressurized well. As an 
example, if estimation of compressibility is one order of magnitude too large, the computed 
storativity and transmissivity will also be one order of magnitude larger. In computations for this 
study, a range of values of compressibility for the bladder and packer systems was examined in 
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the laboratory and estimated for the field tests. Using the lower limit of the range instead of the 
higher, the calculations of hydraulic conductivity would have been off by two orders of magnitude. 
An approach to minimize this problem would be to estimate values of compressibility by matching 
a long-term test to a pressurized test and finding the best value for compressibility. Once a value 
for compressibility for the bladder or packer system and the typical well system being tested is 
selected, this value can be used for additional tests on similar well systems in equivalent 
lithologies. Although this is not entirely accurate, it does provide a means of estimating 
compressibility for a large number of wells in similar settings. 
In wells open to rock or screened in coarse sands and gravels, the compressibility in the 
shut-in well may be significant. Neuzil (1982, p. 440) provides an equation for calculating the 
compressibility in a well that has been subjected to a pressurized slug test (Cobs) as 
(d:) 
cobs= dp 
where dV is change in volume in the well due to pressurization, L 3. 
V is shut-in volume in the well, L 3; and 
dp is the pressure slug added to the well, Pa-1. 
(4) 
He showed that this equation worked well for a test in the Pierre Shale. One difference for tests 
presented in this thesis is that fluid is not injected into the well, but instead a change in the well is 
produced by expansion of the bladder or packer. The change is small, but sufficient for tight 
formations. 
Flowing Wells 
Data from the field-verified flowing wells are listed in table 2. Sixty two flowing wells were 
visited during the field inventories (Figure 25). Although some of the wells were controlled by 
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valves and the flow rate was varied according to need (most often used to water livestock), 
54 wells had unrestricted flow or leakage around caps or valves. The flow rates from these wells 
varied from slight seepage to about 14 gallons per minute (gal/min). The specific conductance 
averaged about 8,000 uS/cm, but exceeded 20,000 uS/cm in one well. 
Table 2. Flowing well locations and hydrologic data in Grand Forks and eastern 
Walsh Counties. 
In county Spec:Hic 
Location ground-water Flow rate conductance Temp .. ture Flow restriction 
study 
gal/min µSiem at 25°C 25°C valve or cap 
149-50-30BCC No 5 6,000 7.5 No 
149-51-04AAD No 1.25 6,000 10.0 No 
149-51-14AAA Yes l 6,100 9.0 No 
149-51-15BBB No 1.25 6,300 10.0 No 
149-51-26CCC No Valve 5,600 10.5 Yes 
149-5I-27DCC No Valve 2,600 14.0 Yes 
150-51-08BBB Yes 0.5 7,500 8.5 No 
150-51-17 No Seep 6,500 9.5 No 
151-51-04ABB No 0.25 9,100 9.0 No 
151-51-200BO Yes l.5 7,100 10.0 No 
151-51-32BBA Yes 5 7,800 9.8 Yes 
151-51-33AAA Yes 0.75 7,550 8.5 No 
151-52-12ABB Yes Seep 9,000 7.5 No 
l 52-50-09COA Yes 1.5 9,500 7.0 No 
152-51-19BAB Yes 0.5 6,700 8.0 Yes. leaks 
152-51-29BAB Yes 7.5 6,000 8.0 Yes 
l 52-52-05ABB Yes 0.25 I 0,000 8.0 No 
l 52-52-22CAA Yes 14 15,000 8.5 No 
153-50-07 ADC Yes 0.5 8,600 9.0 Yes. leaks 
153-51-03ADO No 7.5 12,000 9.0 No 
l 53-5 l-28ADO Yes 4 8,000 8.0 No 
153-52-23BCB Yes Seep 18,000 9.0 Yes, leaks 
I 53-52-30000 Yes 4 No 
153-52-32ABB Yes 0.5 3,900 7.0 No 
153-53-16BAA Yes 0.5 No 
154-52-09CBB Yes Seep No 
I 54-53-27CBB Yes Seep No 
I 54-55-03CBB Yes 3 8,500 9.0 No 
155-53-01 BBA Yes 5 10,500 8.0 No 
l 55-53-04BCC No 2 6,700 No 
155-53-0SBAA No 2.5 7,000 No 
155-53-09BBC Yes 1.25 6,900 No 
155-54-18CCC Yes Seep No 
I 56-51-0JDCO Yes 0.1 3,400 10.5 No 
l 56-5 i-25BBC No 0.25 10,500 No 
156-51-25COO Yes Seep No 
l 56-52-23CCB Yes Seep Yes. leaks 
156-53-0SABO Yes Seep No 
156-53-14AAD Yes 3 7,000 8.5 Yes 
i 56-53- l 8CDC No 2.5 5,900 7.0 Yes 
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Table 2. Flowing well locations and hydrologic data in Grand Forks and eastern 
Walsh Counties. (Continued) 
In county Specific 
Location grounCHtat. Row rate conductance Temperature Flow rntrlctlon 
atudy 
gal/min µSiem at 25°C 25°C valve or cap 
156-53-20DCC No 7.5 6,500 8.0 Yes 
156-53-23AAC Yes Seep Yes. leaks 
156-53-JODCC Yes 7.5 5,900 8.0 Yes 
156-54-01 CCA Yes Large seep 5,700 10.0 No 
156-54-26ABC Yes Seep 6,()(l() 8.5 Yes. leaks 
157-52-06BCBI Yes Seep 8,000 7.0 No 
I 57-52-06BCB2 Yes Seep 8,000 7.0 No 
157-52-IICCB Yes 5 7.000 No 
157-52-16BBC Yes II 7,000 8.0 No 
I 57-53-04CBA No 3 7,000 7.5 No 
157-53-05CAC Yes 7.5 8,000 7.5 No 
157-53-050AC Yes 2 8,000 7.5 No 
157-53-16CBB Yes 5 7,200 7.5 No 
157-53-160AB Yes Seep No 
157-53-17BCC Yes 0.75 No 
158-51-30DCC Yes 5 +20,000 7.0 No 
158-53-21CAC Yes 7.5 9,000 7.0 No 
158-53-28800 Yes 1.25 8.400 7.5 No 
158-53-28DBB No 2.5 8,100 7.0 No 
158-54-24ABA Yes No 
158-54-35ADB Yes 1.5 8,500 7.0 No 
158-55-IOAAC Yes I No 
The well driller's reports, for the nine flowing wells cataloged more recently in the files of the 
NDSWC, indicate flow rates in these wells range from 2.5 to 65 gal/min. The reports indicated that 
these wells were valved and were therefore not visited during this study. 
The county ground water studies for Grand Forks (Kelly, 1968) and Walsh (Downey, 1971) 
Counties indicated a total of 286 flowing wells. Of these wells 188 were visited during the two field 
inventories, and 62 flowing wells were located. At the 126 inventoried sites without flowing wells, 
about half the wells were capped or destroyed by the land owner and half were not located either 
because of a wrong location in data base, the well casing corroded and broke at land surface, or 
the well was inadvertently destroyed (unknowingly plowed under). Because the existence of half of 
these wells is uncertain, it is impossible to determine if flow presently occurs. 
A notable statistic is the number of flowing wells that were located but not listed in the data 
base. Plans for the field inventory initially included only sites listed in the county ground water 
9Q 
studies. However, 15 additional wells were located and verified during the field inventory. Because 
finding new wells was not the focus of the study, there may be many more flowing wells in the 
study area. Discussions with local residents provided leads and information on numerous flowing 
wells, but time restrictions did not allow for field verification. 
Hydrochemistry 
Samples were taken from the three study sites and analyzed for major ions (Flgures 46 and 
47, and table 3). In addition to the chemistry from the three study sites, two bedrock wells and one 
well screened in glacial tills, all nearby the study wells, were included in Rgure 46 for comparison 
purposes. 
Site 1, which has a large upward gradient. has sodium-chloride-type waters in the well 
screened at 80 feet, calcium-sodium-chloride-type water in the well screened at 50 feet, and 
calcium-magnesium-sodium-chloride-type water in the well screened at 25 feet. The source of the 
chloride, which is dominant in all three wells, is the underlying bedrock aquifers. The 
concentrations of chloride remain relatively constant across the vertical profile, indicating 
insignificant dilution by infiltrating snowmelt and precipitation. The change from sodium-type water 
to calcium-sodium-type water to calcium-magnesium-sodium-type water along the vertical 
flowpaths probably results from cation exchange with the glacial and lacustrine sediments. 
Site 2, which has a slight upward gradient, changes from a calcium-magnesium-sodium-
chloride-type water in the wells screened at 1 06 feet and 85 feet, to sodium-bicarbonate-sulfate-
chloride-type water in the well screened at 45 feet, to calcium-magnesium-sulfate-chloride-type 
water in the well screened at 25 feet, to finally magnesium-sulfate-chloride type water in the well 
screened at 17 feet. The well screened at 65 feet, well 2-2, was excluded from the discussion 
because the casing is cracked, which became evident when trying to place a bailer in the well and 
by anomalous water levels compared to other wells in the nest. The slightly alkaline, brackish 
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Figure 47. Piper diagram of the major ions in samples from the three study sites. 
102 
Table 3. Ground-water composition for the three study sites. sampled June 17. 1992. All measurements as 




~ C. u co 
~ >, :s u d !S ] .. £ u ,,; - OI co OI 0 u £ en 8. Q - u ~ z ~ u ""' < ~ ti) g. ti) 
1-1 17500 - - 870 220 2700 25 5300 1600 90 250 -5.00 
1-2 17500 - - 1600 390 1700 22 5700 1300 40 301 -2.55 
1-3 16900 - - 1500 580 1100 18 5400 1200 10 374 15.42 
2-1 4550 4.11 6.54 360 110 390 18 1200 380 190 281 -1.33 
2-2 10200 3.26 7.20 550 970 730 11 1400 5000 280 428 2.16 
2-3 4880 2.25 7.28 120 83 920 3.4 530 1300 20 680 3.61 
2-4 4030 1.58 6.47 350 120 310 15 880 340 10 318 -1.63 
2-5 5470 1.57 6.35 670 230 270 9.3 1100 1400 870 434 3.38 
2-6 10300 2.67 7.10 440 1200 790 10 990 4400 30 473 3.12 
3-1 2220 - 7.18 81 29 370 13 110 610 10 359 9.37 
3-2 8010 - 7.10 370 1000 610 21 36 5800 10 391 4.84 
3-3 3670 - 6.78 250 77 510 18 92 1600 10 329 19.85 
3-4 3550 - 7.24 270 120 420 19 89 1700 1900 328 14.19 
3-5 2480 - 7.45 110 41 390 13 100 820 20 342 12.62 
3-6 4240 - 7.48 220 91 770 19 88 2000 334 336 33.37 
concentrations was described by Freeze and Cherry (1979) as Type Ill waters and typically found 
in the northern Great Plains. They stated that the chemical characteristics in this type of water can 
be attributed to dissolution of calcite and dolomite, dissolution of gypsum and anhydrite, and ion 
exchange. The occurrence of chloride in all of the wells at this site exhibits the influence of 
bedrock water on the shallow ground water here. However, as bedrock ground water mixes with 
water recharged through the glacial sediments, bicarbonate and sulfate become increasing 
present. 
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The water in the deeper wells, 2-1 and 2-4, is not dominant in either calcium, magnesium, or 
sodium. However, the shallow wells, 2-5 and 2-6, are dominant in calcium and magnesium, 
respectively, possibly due to cation exchange with the lacustrine sediments. Well 2-3 is an 
anomaly in that it is dominant in sodium and contains significant bicarbonate concentrations. This 
may be due to geologic heterogeneities around the well screen (possibly some ice-rafted debris 
deposited in the vicinity or maybe a change in lake levels in glacial Lake Agassiz, with shallow 
lacustrine vegetation or subaerial soil horizon development, followed by a rise in lake levels) but 
no evidence of this was noted in core analysis. 
Site 3 has a downward hydraulic gradient, trending from magnesium-sulfate-type water in 
the well screened at 19 feet, to calcium-sodium-sulfate-type water in the well screened at 54 feet. 
to calcium-magnesium-sodium-sulfate-type water in the well screened at 71 feet, to sodium-
bicarbonate-sulfate-chloride-type water in the well screened at 78 feet, finally to sodium-sulfate 
type water in the well screened at 101 feet. Sulfate is dominant in all of the wells. These wells are 
influenced by recharge downward through the glacial tills. The large variations in the vertical 
stratigraphy, as apparent in Figure 31, may explain the fluctuations in the ions in the wells 
sampled. 
In general, the water at site 1 represents bedrock water discharging upward through the 
surficial sediments. Water at site 3 represents shallow recharge through the surficial glacial 
sediments. Site 2 is a mixing zone between the deep bedrock waters and the shallow glacial 
waters. 
Discharge as Revealed by MODFLOW Simulation 
The distribution of hydraulic heads measured in wells drilled prior to 1930 were simulated in 
the model by adjusting the amount of discharge from model cells. Figure 48 shows the cells where 
discharge was adjusted to match head values. The most discharge occurred in the northwest, 
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Figure 48. Contours show model hydraulic heads (in feet above mean sea level). 
Compare to pre - 1930 hydraulic heads in Figure 27. 
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that passes through Salt Lake. Discharge also was applied to cells along the Red River in the 
southern two-thirds of the model and along parts of the Forest River. 
The sensitivity of the cells to values of discharge was related to transmissivities of the cells. 
In the northwest, aquifer thickness (Figure 49) resulted in large transmissivities and discharge 
values in the range of 1 o·2 were required to affect hydraulic heads in the cells. As the aquifer 
thinned to the east and south, smaller values of discharge were needed to alter head values. Once 
it was determined at which order of magnitude of discharge value each cell demonstrated effects 
on the head values, smaller adjustments to the heads could be made by altering discharge within 
that order of magnitude. Simulated head values were very sensitive to small changes in discharge 
once the "threshold" value of discharge was determined. 
Although aquifer thickness and hydraulic conductivities were not altered in model 
calibration, the sensitivity of these parameters was tested. Small changes, such as an increase or 
decrease in hydraulic conductivity within an order of magnitude, and 10 percent increases or 
decreases in thickness, could alter head contours for as much as a few miles laterally. This 
demonstrates that heads are strongly influenced by the transmissivities selected. However, 
because the values of thickness and hydraulic conductivity were based on physical evidence, 
adjusting these factors in the model would be speculation and would complicate the purpose of the 
model. Therefore, transmissivities were kept at initial values, and only discharge rates were 
altered in calibrating the model. 
The discharge map was compared to maps of surficial sediment thickness, locations of 
flowing wells, and occurrences of saline soils. Glacial tills thin near the center of the modeled area 
(Figure 50), which relates to an area of bedrock high (Figure 7). The till also thins in the northwest, 
south-central, and southeast. In general, the locations of thin till cover relates to zones of 
discharge. This is especially evident in the south-central part of the model, where thinning of the till 
relates closely to zones of discharge near the towns of Forest River and Johnstown. 
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Explanation 
lf::::~~~:>:::1 >200 ft D 100-150 ft 
lli~?%a 150 -200 ft 1~;1~til0[11~:1 50-1 oo ft 
Figure 49. Thickness of lnyan Kara aquifer in model area. 
--CJ 
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< 80 feet 
80 - 120 feet 
120 - 1 60 feet 
>160 feet 
Figure 50. Thickness of glacial tills in the model area. 
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There is, however, poor correlation between thinning of the lacustrine sediments (Figure 51) 
and ground-water discharge. In fact, lacustrine sediments often thicken in areas of thinning glacial 
till coverage. From this simulation, there appears to be little connection between lacustrine 
sediment thickness and the location of discharge. 
A map of total surficial sediment thickness (Figure 52), which is the thickness of the glacial 
tills and lacustrine sediments together, shows the thinnest area to be mainly in the center of the 
model. This relates well to the discharge that occurs near Forest River and Johnstown, and part of 
the discharge near Grafton. In addition, discharge along the southern part of the Red River may be 
affected by thinning of the sediments. However, in general, the correlation of surficial sediment 
thickness and zones of discharge is poor. 
The density of flowing wells in the area are shown on Figure 53. The number of flowing wells 
per cell, determined from the flowing well inventory, were mapped and compared to zones of 
discharge from the model. There is good correlation of flowing wells to zones of discharge in the 
northwest portion of the model. A large number of flowing wells also occurs in the east-central part 
of the model, which relates to zones of discharge. The occurrence of flowing wells may be affected 
by the availability of surface water and shallow ground water, as well as incomplete well 
inventories. Therefore, flowing well distribution data may be misleading, although the density 
distribution is likely to be representative. Head values indicate that deep wells in most of the 
eastern portion of the model would flow at the surface. 
There is poor correlation between the occurrence of saline soils (Figure 54) and the 
modeled zones of ground-water discharge. However, the saline soils correlate well with where the 
lnyan Kara Formation subcrops (Figure 6). In comparing surficial sediment thickness with the 
occurrence of saline soils, there is good correlation in the central part of the model. There is a poor 
correlation between glacial sediment thickness and saline soils. Generally, where the lacustrine 
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Figure 52. Thickness of surficial sediments in the model area. 
Figure 53. 
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Concentration of flowing wells identified in this study 
per cell of model area. 
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Explanation 
l;! i i!! slightly saline B strongly saline 




Physical Characteristics of Lakes and Wetlands 
The occurrence of saline lakes and wetlands in the Red River basin was examined by 
Strobel and Gerla (1993). They found that these wetlands have large sodium and chloride 
concentrations due to ground-water discharge from bedrock aquifers. They described three 
hydrogeologic processes that could be responsible for the formation of the saline wetlands. In 
areas where wetlands overlie coarse-textured glacial and lacustrine sediments, upward flow of 
ground water may account for these wetlands. In other areas, wetlands could have developed in 
naturally-occurring depressions, fed by direct precipitation, surface inflow, and discharge of saline 
ground water. Evapotranspiration influences the dissolved-solids concentrations in these 
wetlands. A third possible source of wetland formation results from flowing wells that discharge 
unrestricted to the land surface. 
Two wetlands in the study area, Lake Ardoch and Salt Lake, were examined to identify 
possible modes of origin. Lake Ardoch appears to be the confluence of two branches of the Forest 
River (Figure 55). Figure 55 is an aerial photograph taken during low stage levels in the lake (date 
unknown but probably the early 1950s). The photograph shows two tributaries joining in Lake 
Ardoch basin and flowing out as the Forest River. The southern tributary has a delta formed at its 
mouth. 
Measurements of the bathymetry of Lake Ardoch indicate that it has a relatively smooth 
bottom, with water depths consistently in the 2.4 to 2.6 feet range. Cores taken around the area 
(Strobel and Gerla, 1992) did not indicate any heterogeneities in the lacustrine sediments that 
might contribute to its location. It is possible that Lake Ardoch is situated in a zone of ground-water 
discharge and subsequent erosion. The depression apparently pirated surface drainage from the 
Forest River branches. The combination of surface runoff and ground-water discharge produced 
sufficient surface water to fill the depression and runoff continued downgradient to the Red River. 
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Figure 55. Aerial photograph of Lake Ardoch taken during low lake levels 
(date unknown, possibly 1950s). Too rivers converge into the Forest 
River. Southern tributary has a delta at its mouth. 
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Salt Lake (Figure 56) was also examined to determine its origin. Specific conductance of 
lake water and inflow and outflow tributaries was measured during 1993. It was observed that 
calculated dissolved solids ranged between 3,000 and 13,000 mg/L around most of the lake and 
associated streams. However, dissolved solids reached about 19,000 mg/Lin the southwest part 
of the lake. In addition, numerous pebbles were observed along the lake shore in the area of 
elevated dissolved solids. 
Stream Discharge and Salt Transport 
Surface water in tributaries to the Red River in northeastern North Dakota and Minnesota 
were sampled during June and July, 1991 (Figure 29). This sampling was conducted to locate 
areas of large dissolved-solids concentrations in surface water that might reflect locations of 
ground-water discharge. Specific conductance in the upper reaches of most Red River tributaries 
north of Grand Forks generally ranged from about 400 to 800 microsiemens per centimeter 
(uS/cm) at 25 degrees Celsius during the study. Specific conductance in the Turtle, Forest, and 
Park Rivers, however, generally increased in a downstream direction (table 4) as streams 
traversed the areas of saline soils and wetlands. Specific conductance in the Turtle River 
decreased slightly between the saline areas and the Red River, possibly because of dilution by 
water contributed from drainage ditches. 
The results from specific conductance measurements show that major concentrations of 
dissolved solids in tributaries to the Red River occur in northern Grand Forks and Walsh Counties. 
A streamflow and water-quality monitoring program at 16 sites on the Turtle, Forest, and Park 
Rivers began in October 1991 (Figure 30) to measure seasonal variations in surface-water quality 
and dissolved solids. Discharge and specific conductance were measured about every 5 weeks 
into December 1991 (table 5) at each of the sites. Discharge and specific conductance data also 
are available from the U.S. Geological Survey gaging stations on the Red River at Grand Forks, 
Drayton, and Emerson. Results from both data sets indicate that there is an increase in specific 
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Date conductance (standard 
number name (uS/cm) units) 
I Goose River at Mayville 6/21 1.380 7.42 
2 Goose River at Hi11sboro 6/21 1,100 7.47 
3 English Coulee 6/21; 7/26 3,500; 2.850 7.18;-
4 Red Lake River near Mallory 6/21; 7/26 390;480 7.46;-
s Grand Marais River 6/21 565 7.02 
6 Turtle River 6/21; 7/25 640;730 7.57;-
7 Turtle River at Mekinock 6/21; 7/25 720;740 7.54;-
8 Turtle River at Manvel 6/21; 7/25 790;3,.350 7.43;-
9 Turtle River at Red River 7/25 2.350 ---
10 Forest River at Minto 6/19; 7/25 725;840 -;--
II Forest River at Lake Ardoch 6/19; 7/25 10.000; 6,700 --;-
12 Forest River below Lake Ardoch 6/19; 7/25 I 0,500; 8,000 -;--
13 Forest River near Red River 6/19; 7/25 11,000; 8,900 7.33;-
14 Snake River 6/20; 7/26 880;635 7.19;-
IS Park River at Grafton 6/17; 7/25 1,070; 1,040 -;--
16 Park River near Salt Lake 6119; 7/25 I 5.000; 4.200 --;--
17 Park River near Red River 7/26 4,220 ---
18 Tamarac River at Stephen 6/20; 7/26 450;488 7.29;--
19 Tamarac River near Red River 7/26 490 ---
20 South Branch Two Rivers at Hallock 6/20; 7/26 520;420 7.22;--
21 Two Rivers at junction 6/20 670 7.23 
22 North Branch Two Rivers at Northcote 6/20; 7/26 685;530 6.91;--
23 Tongue River near Bathgate 6/20; 7/26 580;680 6.10;--
24 Pembina River 6/20; 7/26 500;720 6.73;--
conductance west of the Red River in an area that is coincident with the presence of saline soils 
and wetlands. Saline waters and saturated saline soils associated with wetlands affect the water 
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quality of the rivers flowing through these regions to the Red River. The greatest measured 
specific conductance was at the outlet of Salt Lake to the Park River. 
Table 5. Discharge and specific-conductance measurements on the Turtle. Forest. and Park Rivers, October 




Site name and date of measurement (cubic feet per conductance 
second) (uS/cm) 
I Turtle River 
12/10 1.4 786 
2 Turtle River 
10/11 4.4 718 
11/4 8.7 560 
12/10 5.9 817 
3 Turtle River at Mekinock 
10/11 3.8 n6 
11/4 9.1 869 
12/10 7.7 
4 Turtle River at Manvel 
10/11 3.6 5,200 
5 Turtle River below Manvel 
10/16 -· 5,500 
11/4 -· 5,690 
12/10 5.1 2.700 
6 Turtle River at mouth 
10/11 - 5,400 
11/4 37 6,860 
11/29 10 3,970 
12/10 6.6 5,050 
7 Forest River at Minto 
12/10 10 1,150 
8 Forest River at Lake Ardoch 
10/11 21 5,580 
11/4 26 7,330 
11/29 20 5,530 
12/10 12 7,620 
9 Forest River between Lake Ardoch and Warsaw 
10/ll - 5,740 
11/4 -· 6,040 
12/10 - 7,520 
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Table 5. Discharge and specific-conductance measurements on the Turtle. Forest. and Park Rivers. October 
to December 1991 (Continued) 
Site 
Discharge Specific 
Site name and date of measurement (cubic feet per conductance 
number second) (uS/cm) 
10 Forest River at Warsaw 
10/11 - 6.030 
11/4 - 5.690 
12/10 - 7.700 
II Forest River at mouth 
10/11 34 6,050 
11/4 - 4.990 
11/29 20 5,610 
12/10 12 7.930 
12 Parle River above Salt Lake 
10/17 -- 6.630 
11/4 - 2.630 
12/11 - 1.720 
13 Salt Lake outlet to the Park River 
10/17 - 17.900 
11/4 - 19.100 
12/11 -- >20.000 
14 Parle River below Salt Lake 
10/17 - 17.200 
11/4 3.1 2.380 
12/11 -- 9.600 
15 Parle River 
12/11 8.8 7.300 
16 Parle River at mouth 
10/17 -- 15.800 
11/4 -- 10.700 
11/29 14 8.730 
12/11 8.4 6.470 
Discharge and specific conductance were measured for the Red River and its tributaries 
from December 9 to 12, 1991 (table 6). These measurements were made during a reconnaissance 
base-flow sampling for the Red River basin study under the U.S. Geological Survey National 
Water-Quality Assessment Program (NAWQA). This water-quality sampling indicated that the 
Turtle, Forest, and Park Rivers, collectively, account for about 5 percent of the total discharge to 
the Red River but contribute about 30 percent of the dissolved solids. Specific conductance was 
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used as an estimate of the quantity of dissolved solids in water. The relation between specific 
conductance and dissolved solids varies for different streamflow conditions, but in general, the 
specific conductance in uS/cm of streams in North Dakota is about 0.6 of the dissolved solids (in 
mg/L) (Harkness and others, 1993). The results of this exercise helped focus further studies on the 
area of the Turtle, Forest, and Park Rivers. 
Table 6. Discharge and specific-conductance measurements on the Red River and tributaries, 




a e w 
..2 ;;; 
] ~ Ill ,,:, u a ~ -- OI 0 ..2 u !i Ill &! 
:I -- -g .t = Ill ;i .. ,,:, e Ill > .. ~ Stream .;; .c 8. C u 1 8. Q ~ - 8 ci5 Ill Q, 
·- Ill u :I ·- :g [(I Q~ <:: - ,,:, 0 
-~ ·u ~:::. "' Ill :E .Cl 
:I 





Red River at Fargo 12/10 116 - -- -
Sheyenne River 12/9 41 1,340 93 8.9 
Wild Rice River 12/9 35 787 47 4.5 
Elm River 12/9 0 - -- --
Buffalo River 12/9 30 969 49 4.7 
Sand Hill River 12/9 11 799 15 1.4 
Goose River 12/9 2.4 1,810 7 .7 
Red Lake River 12/11 174 735 217 20.7 
Total from Fargo to Grand 409 428 40.9 
Forks plus Fargo plus Fargo 
Red River at Grand Forks 12/11 405 840 578 55.0 



























Table 6. Discharge and specific-conductance measurements on the Red River and tributaries, 
December 9-12, 1991 (Continued) 
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Forest River 12/10 12 7,930 169 16.1 
Parle River 12/10 8.5 6,470 93 8.9 
Snake River 12/11 1.6 795 2 .2 
Tamarac River 12/11 3.1 820 4 .4 
Total from Grand Forks to 437 902 85.9 
Drayton 
Red River at Drayton 12/12 451 1,190 912 86.9 
Two Rivers 12/12 64 790 86 8.2 
Pembina River 12/12 8.5 1,180 17 1.6 
-
Total from Drayton to Emerson 524 1,015 96.7 
Red River at Emerson 12/12 542 1,140 1,050 100 
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During the 1992 water year, dissolved-solids concentrations in the Red River at the 
International Boundary ranged from about 257 mg/L during high-flow periods to about 1,020 mg/L 
during low-flow periods (Harkness and others, 1993). During the same year, dissolved-solids 
concentrations reached levels in excess of 5,000 mg/Lin many wetlands in northeastern North 
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Dakota and in the Turtle, Forest, and Park Rivers during low-flow periods. Discharge from these 
wetlands and tributaries accounts, in part, for the large salinity levels in the Red River at certain 
times. 
Measurements of stream discharge and load were made at stations along the Red River 
and at the mouths of the Turtle, Forest, and Park Rivers during the fall and winter of 1992-93. 
These measurements were compared to historic records of streamflow and load for these months 
for the period of 1970 to 1993. During these times, there was very little discharge from these 
tributaries into the Red River. However, percentage of loads in the Red River increased and 
annual maximum values were reached. The reach of the Red River between Grand Forks and 
Drayton contains these three tributaries. This reach showed a typical increase of 35 percent in 
dissolved solids between these two stations. 
The effects of streamflow contributions by the three tributaries on the water quality of the 
Red River were examined in detail. During the fall and winter of 1992-93 measurements of stream 
discharge and specific conductance were made at the mouths of the Turtle, Forest. and Park 
Rivers and at streamflow gaging stations on the Red River at Grand Forks and at Drayton. The 
measurements on the tributaries and at Drayton were made weekly, weather permitting, and 
measurements at Grand Forks were made every 6 weeks. Flow was continuous in all four rivers 
except for the Park River, which had no measurable streamflow in late January and early 
February. The gaging stations on the Red River at Grand Forks and at Drayton have continuous 
stage recorders, so mean daily streamflow was computed for both sites. The specific conductance 
was measured from periodic grab samples at each site. Missing data were estimated by 
interpolation of streamflow and specific-conductance data. 
Streamflow in the Turtle, Forest and Park Rivers generally decreased during the fall and 
winter of 1992-93 although some increase in flow occurred in the Turtle and Forest Rivers during 
late January and early February. Streamflow in the Red River ranged from 750 to 1000 tt3ts at 
123 
Grand Forks and 560 to 950 tt3ts at Drayton. During the data-collection period, the combined 
streamflow of the three tributaries accounted for only about 1.2 percent of the total streamflow in 
the Red River at Drayton. 
The dissolved-solids loads in the Turtle, Forest, and Park Rivers fluctuated with changes in 
streamflow and generally decreased during the data-collection period (table 7). The exception was 
the dissolved-solids load in the Forest River (and in the Turtle River to a lesser extent) in the latter 
part of the period. The dissolved-solids load in the Red River at Drayton also fluctuated with 
changes in streamflow. The proportion of dissolved-solids load in the Red River at Drayton that 
was contributed by the three tributaries during the study period ranged from 5 to 43 percent and 
averaged 17 percent As streamflow contributions from the tributaries decreased, the effect on 
water quality in the Red River also decreased. 
Table 7. Estimates of average streamflow and dissolved-solids load by week for November 22, 1992, 
through February 6, 1993, for the Red River of the Nonh at Grand Forks, Red River of the Nonh at Drayton, 
and major tributaries. The l superscript indicates estimated values. 
Date 
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Strumflow, In cubic feet per MCOnd 
Red River at 890 840 850 900 860 840 750 780 790 880 1,000 850 
Grand Forks 
Turtle River 9.9 18.0 7.0 5.7 5.5 3.9 2.6 3.0 3.5 13.7 13.8 5.1 
Forest River 39 4.9 4.5 3.1 3.2 1.7 .40 .30 2.6 5.5 5.3 3.2 
Park River 6.2 13.7 2.1 2.1 1.4 .80 .25 .10 .03 0 0 1.5 
Total 20.0 16.6 13.6 10.9 10.1 6.4 3.2 3.4 6.13 9.2 9.1 9.9 
Red River at 920 560 810 950 880 860 860 770 830 850 860 830 
Drayton 
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Table 7. Estimates of average strearnflow and dissolved-solids load by week for November 22, 1992, 
through February 6, 1993, for the Red River of the North at Grand Forks, Red River of the North at Drayton, 
and major tributaries. The l superscript indicates estimated values. {Continued) 
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Red River at 
Drayton 
Dluolved-eollda load, In tone per day 
Red River at 910 830 810 850 810 760 680 710 720 810 940 800 
Grand Forks 
Turtle River 113 186 78 67 54 31 16 18 22 123 123 48 
Forest River 94 130 122 87 83 47 12 9.0 78 155 73 81 
Park River 200 1144 95 108 64 47 17 12 2.0 0 0 63 
Total 407 360 295 262 201 125 45 39 102 178 96 192 
Red River at 11370 1830 1ll90 11400 1250 1130 950 810 1060 •uoo 11110 lllO 
Drayton 
Total 30 43 25 19 16 11 5 5 IO 16 9 17 
dissolved-




solids load in 
Red River at 
Drayton 
Long-term streamflow records and dissolved-solids loads were examined to better evaluate 
the effect of ground-water discharge and the three tributaries on the Red River in northeastern 
North Dakota. Long-term streamflow records for the Red River at Grand Forks are continuous 
from 1882 to present. Streamflow records for the Red River at Drayton are continuous from 1942 
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to present Since 1970 specific conductance measurements have been made at both stations 
whenever discharge measurements were completed or about once every month. The long-term 
data provided the information so that trends in streamflow and water quality could be examined. 
Streamflow hydrographs for the Red River at Grand Forks and at Drayton indicate that low 
flow occurs during late fall and winter. More specifically, on the basis of long-term streamflow 
records, less than 15 percent of the total annual streamflow in the Red River at Drayton occurs 
during November through February. Streamflow in the Red River during this period is relatively 
uniform, and inflow from tributaries typically is small. In addition, streamflow comparisons between 
the Grand Forks and Drayton gaging stations on the Red River indicate that direct base flow is a 
minor contributor to the total flow. Evapotranspiration during November through February is at a 
minimum because the Red River normally is ice covered and vegetation in and adjacent to the 
river is dormant. Mean monthly streamflow for the Red River at Grand Forks and at Drayton for 
1970-93 is shown in Figure 57. 
Mean monthly specific conductance for the Red River at Grand Forks and at Drayton for 
1970-93 also is shown in Figure 57. Specific conductance data indicate that dissolved-solids 
concentrations increased during the low-flow periods and then decreased as streamflow increased 
with spring snowmelt and rainfall runoff. Maximum dissolved-solids concentrations occur during 
low-flow periods. 
The water quality of the Red River at Grand Forks is distinctly different from the water quality 
of the Red River at Drayton. The average specific conductance for the Red River at Grand Forks 
for November through February for 1970-93 was about 628 µ stem; the average for the Red River 
at Drayton was about 817 µ stem. Converting specific conductance to dissolved-solids 
concentration would result in an average dissolved-solids concentration of about 393 mg/L for the 
Red River at Grand Forks and about 511 mg/L for the Red River at Drayton, an average increase 










































Figure 57. Mean monthly streamflow and mean monthly specific conductance 
for the Red River of the North at Grand Forks and at Drayton, 
North Dakota, 1970-93. 
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mean monthly streamflow for 1970-93) results in an average dissolved-solids load of about 55 
million tons for the Red River at Grand Forks for the November through February period and about 
74 million tons for the Red River at Drayton, an increase of about 35 percent between the two 
gaging stations. Therefore, a major contribution to the salinity in the Red River occurs between 
Grand Forks and Drayton, and can be attributed to inflow from the Turtle, Forest. and Park Rivers, 
which are, in turn, affected by ground-water discharge. 
The relationship between wetlands and water quality in streams is apparent in table 5. 
Specific conductance in the Turtle River above Kellys Slough (Figure 29) ranged from 560 to 900 
uS/cm, while below Kellys Slough (Turtle River at Manvel) was 5,200 uS/cm. The Forest River 
above Lake Ardoch (Forest River at Minto) was 1,150 uS/cm, whereas the Forest River at Lake 
Ardoch and below the lake ranged from 4,990 to 7,930 uS/cm. Measurements of specific 
conductance were made in the Park River just above and below the outlet of Salt Lake and in the 
outlet itself. The specific conductance in the Park River above Salt Lake ranged from 1,720 to 
6,630 uS/cm, the Park River below the outlet ranged from 2,380 to 17,200 uS/cm, and the outlet 
ranged from 17,900 to greater than 20,000 uS/cm. It is obvious that the wetlands can have a 
significant impact on dissolved-solids concentrations in the tributaries. 
DISCUSSION 
Transport Mechanisms of Ground-Water Discharge 
Ground-water discharge from bedrock sources to the surface in the Red River basin directly 
affects shallow ground-water chemistry and water quality in lakes, wetlands and streams. The 
impact of ground-water discharge and the sources of ground-water movement was examined at 
various locations in Grand Forks and Walsh Counties. This section defines how ground-water 
discharge affects various shallow and surface features in the basin. 
Salinity in the bedrock aquifers moves upward through the overlying glacial and lacustrine 
sediments, and results in saline soils, lakes, wetlands, and streams in northeastern North Dakota. 
Three mechanisms that contribute to the transport of salinity to the surface are advective ground-
water flow, diffusive flux between the highly saline bedrock aquifers and the surface through the 
saturated surficial sediments, and anthropogenic outlets such as wells and test holes that allow 
saline ground water to escape to the surface. These three mechanisms have been mentioned 
briefly in prior sections of this text, and will be examined in greater detail here. 
Advection vs. Diffusion 
The concept of ground-water flow from bedrock aquifers to the surface in northeastern North 
Dakota has been the subject of much debate over the years. Large hydraulic gradients in the 
surficial sediments may effectively drive intergranular flow of ground water even though these 
sediments are extremely fine grained. However, because the hydraulic conductivities in the 
lacustrine clays are small, cohesive and adhesive forces between the water and sediments could 
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essentially make the surficial deposits nearly impervious. Both arguments need to be examined 
further. 
Localized Zones of flow-One explanation for advection through the glacial and lacustrine 
sediments was given by Laird (1944), and further described by Downey (1986). They discussed 
the possibility of ground-water flow from bedrock aquifers to the surface through areas of fine sand 
and gravel in the glacial tills (Flgure 58). Downey (1986) associated many of the lakes in 
northeastern North Dakota with depressions that overlie these coarser-grained sediments. Laird 
{1944) attributed the formation of the lakes to artesian water discharged from the bedrock aquifers. 
Downey (1986) offered the hypothesis that the lakes formed from alternation in recharge and 
discharge associated with Pleistocene glaciation. 
The overall concept of the hypothesis by Laird (1944) and Downey (1986) is that sand and 
gravel zones in the glacial till act as conduits to focus ground-water discharge to the surface. This 
may explain the occurrence of saline lakes and wetlands in northeastern North Dakota. However, 
two problems exist with this theory 1) how the water moves through the lacustrine sediments, 
which probably have a much smaller hydraulic conductivity than the glacial tills, and 2). large 
areas of saline soils exist in northeastern North Dakota which cannot be explained by specific 
discharge locations. 
Remenda and others (1992) argued that hydraulic conductivities in the lacustrine deposits at 
depths of about 35 to 42 feet below land surface were about 3 x 1 o-s tvd, which, using a porosity of 
0.63 and a hydraulic gradient of 2, relates to a ground-water velocity of about 9 x 1 o-s tvd, and, 
therefore, contribute little to the upward migration of salts from the bedrock aquifers. Furthermore, 
they showed that naturally-occurring stable isotopes in water samples from the lacustrine 
sediments indicate that water neither has advanced downward or migrated upward farther than 33 
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Remenda and others (1994) revised this earlier study by presenting oxygen isotope data 
from water sampled from glacial Lake Agassiz sediments. Estimates at Manvel, ND, of hydraulic 
head at 46 feet above land surface, hydraulic gradient of 0.2. hydraulic conductivity of 2.8 x 1 o-6 
ft/d, and measured porosity of 0.5 were used to calculate an average linear ground-water velocity 
of 82 feet per 10,000 years. This itself is not sufficient to replace the pore water throughout the 
site. However, using an estimated paleogradient of 0.63, calculated from an estimated hydraulic 
head of 46 feet above land surface, gives an average linear ground-water velocity of 262 feet per 
10,000 years. Using these values, upward flow would have displaced all or most of the original 
pore water (Remenda and others. 1994). 
The oxygen isotope data presented by Remenda and others (1994) supports this 
conclusion. Oxygen isotope values in the lacustrine sediments decrease with depth and become 
similar to bedrock water, suggesting that pore water in the lacustrine sediments has been either 
displaced or mixed with water from the bedrock aquifers (Remenda and others, 1994). 
Remenda and others (1992) suggested that salt is leached from the soils, concentrated by 
evaporation. and carried downward by recharge water. This water, mixed with salinity brought up 
from bedrock aquifers, mainly by diffusion, results in the large salt concentrations in the ground 
water in the surficial sediments. In addition, they suggested that Lake Agassiz may have had a 
salinity greater than expected for a glacial lake, and support this suggestion with evidence of the 
presence of salt-tolerant ostracods in other parts of the Lake Agassiz basin. If this is true, then 
saline pore water within the lacustrine sediments would contribute to the salinity at the land 
surface. The conclusion stated by Remenda and others (1992) that the upward migration of salts 
from the bedrock aquifers has not influenced the shallow zone is wrong in light of the hydraulic 
properties presented here and evidence in water chemistry studies of lakes and wetlands in 
northeastern North Dakota. 
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Goebel and Gerla (1992) examined the sources of salinity in Lunby Slough in northern 
Grand Forks County.They found that chloride concentrations in shallow ground water were more 
than ten times that in the underlying bedrock aquifers and were probably carried upward 
predominantly by advection. Slug tests at the site indicate that hydraulic conductivity averages 
about 8.2 x 104 ft/d in sediments at depths greater than 20 feet and about 8.2 x 1 o-3 ft/d at 
shallower depths. The lower value is about 100 times greater than that measured five miles to the 
east by Remenda and others (1992). Goebel and Gerla (1992) suggested that using a gradient of 
0.5, a porosity of 0.4, and a ten-fold increase in surficial salinity over the 10,000 years following the 
drainage of Lake Agassiz, advective transport would require an average hydraulic conductivity of 
8.2 x 104 ft/d, similar to the estimates from their slug tests. 
Values from the slug tests were used to examine whether advective flow could be 
responsible for saline ground water moving through the surficial sediments. At site 1, the Brenna 
Formation is the major confining unit to the bedrock aquifers. This formation is 63 feet thick at this 
location. Wells 1-1 and 1-2 are screened in that formation. The average value for hydraulic 
conductivity from all tests completed on both wells is about 1.8 x 10-4 ft/d. Using the measured 
upward gradient in well 1-1 of 0.29 and an effective porosity of 0.4 (Goebel and Gerla, 1992), the 
average linear velocity of Darcian flow is 
where V is the average linear velocity, in length per time; 
K is the hydraulic conductivity, in length per time; 
lle is the effective porosity; and 
~1 is the hydraulic gradient, in length per length. 
(5) 
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From this equation, an average linear velocity of about 1.3 x 104 ft/d was calculated for the 
Brenna Formation. This formation is about 63 feet thick at this site, which then results in a water 
particle taking about 1,300 years to travel through the confining layer. This demonstrates that 
under these conditions, saline water may have reached the land surface by advective flow since 
the drainage of Lake Agassiz, about 9,600 yrs B.P. Anisotropy would affect these results, 
producing longer travel times. However, cores from the lacustrine deposits showed little, if any, 
bedding, fractures, or other features that would affect ground-water movement. Because of the 
homogeneity of the lacustrine deposits, isotropic conditions may be assumed. 
It is important to note that the value of hydraulic gradient was calculated from present 
measurements. Larger head gradients were present in the surficial sediments prior to settlement 
in northeastern North Dakota. Using a larger value for hydraulic gradient would result in a greater 
estimated average linear velocity in the Brenna Formation. In addition, the value of effective 
porosity may be underestimated, a larger porosity would result in a larger average linear velocity. 
For example, using values of hydraulic gradient and saturated porosity from Rernenda and others 
(1992) (2.0 and 0.63, respectively) would result in an average linear velocity of 5.7 x 104 ft/d, 
which corresponds to about 300 years for water to travel through the Brenna Formation by 
advection alone. 
Diffusion is the process in which both ionic and molecular species dissolved in water move 
from areas of larger concentrations, or activities, to smaller concentrations (Fetter, 1988). Most 
studies that discuss or model diffusion are based on calculations of solute transport. Solute 
transport by diffusion can be described by Fick's laws, which are 
ac 
F =-D-ax 
for flux of solute in steady state conditions, 
where Fis the mass flux of solute per unit area per unit time; 
D is the diffusion coefficient, in area per time; 
(6) 
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C is the solute concentration, in mass per volume; and 




for transient solute concentrations conditions, 
where ac is the change in concentration with time {Fetter, 1988). at 
(7) 
In porous materials, the diffusion coefficient is divided by the square of the tortuosity to account for 
the flowpath. 
The concentration profiles and breakthrough curves of solutes moving through porous 
materials are caused by mechanical dispersion and molecular diffusion {Fetter, 1993). At low 
velocities, such as those estimated for the lacustrine sediments at sites 1 and 2, diffusion is the 
dominant process compared to mechanical dispersion for salt transport. The relationship between 
the Peclet number, a dimensionless parameter defined by the average linear velocity times the 
average particle diameter divided by the coefficient of diffusion, and the ratio of the longitudinal 
dispersion coefficient and the coefficient of molecular diffusion, is often used to evaluate whether 
diffusion or mechanical dispersion dominates {Figure 59) {Perkins and Johnston, 1963). In porous 
materials where ground-water velocities are small, mechanical dispersion is negligible relative to 
molecular diffusion, which reduces Fick's law to a one-dimensional solution {Freeze and Cherry, 
1979, p. 393). 
Goebel and Gerla {1992) estimated that ground-water velocities in tills and lacustrine 
sediments at one site in eastern Grand Forks County were sufficiently small to result in molecular 
diffusion being a contributing transport mechanism. This can be verified by assuming that at low 
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Figure 59. Generalized relation between the Peclet number and the ratio of the 
longitudinal dispersion coefficient and the coefficient of molecular 
diffusion in a sand of uniform-sized grains (from Freeze and Cherry, 
1979). Value of Peclet number varies with specific hydrologic conditions. 
For this conceptual illustration, v = 1.51 x 1 o-7 ft/s, d = 1.64 x 1 o-3 ft, 
and D* = 1.08 x 1 o-9 ft2/s. 
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392). The Peclet number would be the average linear velocity (1.3 x 104 ft/d for the Brenna 
Formation, this thesis, p. 94) times the average particle diameter (6 x 1 o-s ft for Brenna Formation 
sediments, this thesis, Appendix D) divided by the diffusion coefficient (for chloride in water at 25 ° 
C, this equals 1.9 x 1 o-3 tt2td (Li and Gregory, 1974)), which gives a Peclet number of 4 x 1 o·7• 
This Peclet number is much smaller than Peclet numbers represented on graphs of dispersion 
coefficients vs. Peclet numbers (Rgure 59), indicating that diffusion strongly dominates saline 
transport in these sediments. 
Diffusive flux of salinity from bedrock aquifers upward through surficial sediments may 
contribute to saline soils and wetlands in northeastern North Dakota. Remenda and others (1992) 
concluded that the migration of salts upward from the bedrock aquifers and downward from the 
weathered zone at the surface is dominated by diffusive transport, with little contribution from 
advective flow. According to their study, salts from bedrock sources have not traveled very far 
through the lacustrine sediments and that salinity near the surface is due to weathering. Remenda 
and others (1994) amended this earlier conclusion by stating that advective ground-water flow 
through the surficial sediments is a possible mechanism for transporting saline water from bedrock 
aquifers to the surface. However, in the latter paper, they did not comment on the contribution of 
diffusion. 
Goebel and Gerla (1992) examined the diffusion process at Lunby Slough. Using an 
effective diffusion coefficient (the diffusion coefficient times the porosity divided by the tortuosity) of 
0.23 tt2-tyr, they found that even after 10,000 years the concentration of chloride would only be 
about 15 percent of that measured in the underlying bedrock aquifers. In addition, they found that 
because the concentration gradient controls the rate and direction of diffusion, the salinity of 
waters near the land surface could not exceed the salinity of the bedrock aquifers if diffusion alone 
were the primary transport mechanism. Because the salinity at the surface is about 1 O times larger 
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than that in the underlying bedrock aquifers {Goebel and Gerla, 1992), this would indicate that 
advection must contribute to the transport of the salinity. 
Remenda and others {1992) stated that salinity near the surface is from weathering of soils, 
and not from contributions from bedrock aquifers. A problem with this argument is the obvious 
correlation between saline soils and wetlands and the underlying lnyan Kara Formation. If salinity 
resulting from strictly weathering of the soils was the primary process, then the saline soils would 
be widespread through the area covered by lacustrine sediments in the Red River basin. However, 
the saline soils generally occur in parts of Grand Forks, Walsh, and Pembina Counties {Figure 60) 
that are underlain by this bedrock unit and that have large upward hydraulic gradients. This 
observation, along with the similarities of the water chemistry in the bedrock aquifers and the 
lakes, wetlands, and shallow ground water, strongly supports a bedrock influence on surface 
salinity. 
Diffusion probably contributes to the transport of salinity to the surface, especially in areas 
where small hydraulic conductivities limit advective flow. However, diffusion alone cannot 
adequately account for the salinity found in soils, lakes, wetlands, and ground water in 
northeastern North Dakota. Advection, coupled with diffusion, probably is the mechanism that 
accounted for salinity transport prior to settlement in the area. Following settlement. flowing wells 
became a contributing factor to salinity in soils and wetlands. 
Flowing Wells 
Large upward hydraulic gradients exist across the glacial and lacustrine sediments that 
overlie bedrock aquifers in the central part of the Red River basin. Wells completed in or just 
above the bedrock aquifers typically flow at the surface in northeastern North Dakota. Previous 
investigations have made reference to the contribution of flowing wells, saline soils, lakes, 
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Figure 60. Areas of saline soils and locations of flowing wells in the central Red 
River of the North basin (from Strobel and Gerla, 1992). 
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Gerla, 1992). However, the actual effects of saline ground-water discharge from flowing wells on 
the water quality of streams, wetlands, and shallow ground water in the Red River basin is poorly 
defined. This anthropogenic mechanism for transporting bedrock water through the surficial 
confining units significantly contributes to the salinity at the surface in northeastern North Dakota. 
Flowing wells are listed in the MPart II" reports of the county ground-water studies. conducted 
jointly by the U.S. Geological Survey, North Dakota State Water Commission, and North Dakota 
Geological Survey to evaluate the geology and ground-water resources of each county in North 
Dakota. Because these agencies collectively archive almost all well information in the State, the 
county ground water studies provide a relatively complete and consistent ground-water data base. 
Information about wells drilled after the publication of the county ground water studies is submitted 
by well drillers and kept on file at the North Dakota State Water Commission. The county ground 
water studies and recent well drillers· records were the informational sources for the list of flowing 
wells used for the field inventory of this study. 
Unrestricted flow from wells contributes to the salinity of surface water. At many of the sites 
visited, flowing wells discharged directly into streams. The three major streams in the study area 
are the Turtle, Forest, and Park Rivers, all of which are tributary to the Red River. Long-term 
streamflow records for each river indicate that mean annual discharge is 50.3 cubic feet per 
second (tt3/s) for the Turtle River at Manvel (U.S. Geological Survey, 1971 ). 46.9 tt3/s for the 
Forest River at Minto, and 54.4 tt3ts for the Park River at Grafton (Harkness and others. 1993). 
However, flow in each of these streams can be small to negligible from September through 
February, and during this time discharge from flowing wells can have a significant effect on the 
water quality in the streams. This can be demonstrated by calculating flows and dissolved-solids 
loads in the wells and rivers in the study area. Using the lowest mean monthly discharge in the 
Park River (1.23 tt3ts for January) (Harkness and others, 1993) and assuming about equal flow in 
the Turtle and Forest Rivers during low-flow periods (Cowdery and Brigham, 1992; Strobel and 
Gerla, 1992), a total low flow for most of the study area in January (ORo) would be 3.6 tt3ts. The 
total flow from the table 2 well inventory (assuming 0.5 gpm for small seeps and 1.0 gpm for large 
seeps) using wells with unrestricted flow or leaky valves and caps, is 120 gpm or about 0.27 tt3/s. 
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If assumed that about half of the flow from wells has not been accounted for, the total discharge 
from the wells during steady-state conditions (Owens) is about 0.54 tt3/s. The average specific 
conductance of the water in the wells in table 2 is about 8,000 mS/cm, which equals about 5,200 
milligrams per liter (mg/L) dissolved solids (Cw8115). This can be compared to the ambient dissolved 
solids in the Pembina River (CRo) of 340 mg/L (Winter and others, 1984). Next, a mass balance 
approach that relates total flow (0,.01) and total load (Cr01) in a river to the sum of the ambient river 
conditions and well contributions is given as 
Or 
Therefore, in the study area streams 
Crot = ((3.6 tt3ts)(340 mg/L) + (0.54 tt3ts)(5,200 mg/L)) / 4.1 tt3ts 
Crot = 980 mg/L. 
(8) 
(9) 
This shows that the flowing wells can produce an increase in the percentage of dissolved 
solids in these streams during low-flow periods of almost three times that found under ambient 
flow conditions. However, using the mean annual flow conditions of 151.6 tt3ts for the three rivers 
and a well contribution of 0.54 tt3ts, the total load in the river is about 360 mg/L, which indicates 
that the flowing wells have a negligible effect on the dissolved-solids load in the study area during 
most of the year. 
Flowing wells also have an effect on soils and shallow ground water. At many sites, 
unrestricted flow from wells seeps into the surrounding ground. A common field observation during 
this study was large areas of alkaline soils with either sparse or no vegetation adjacent to flowing 
wells. Many local residents indicated that from several acres to quarter sections of land have been 
lost to agricultural production because of flowing wells. At some sites, plugging of flowing wells 
was attempted, only to result in seepage of saline ground water around the well and into shallow 
aquifers. At other sites, flowing wells located in low, swampy areas, may indicate that these wells 
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contribute to the creation of wetlands. At one particular site visited in Walsh County, a 15-foot 
diameter depression, in which the pool of water is greater than 20 feet deep, has been produced 
from a flowing well that has discharged to the Forest River for about 65 years. This illustrates the 
power flowing wells have in transporting ground water upward and affecting the land surface 
(Plates 1 and 2). 
Not all of the flowing wells have a detrimental effect on soil and water resources. At many 
sites, water from flowing wells is used for livestock; cattle are more tolerant of saline water than 
humans. At some sites, flowing wells were used for human consumption prior to installation of 
rural water systems. In addition, flowing wells may contribute to the stability of some wetlands by 
providing a constant source of water. 
Two important hypotheses may be drawn from this study: (1) Numerous flowing wells exist 
in northeastern North Dakota, many of which are not included in any available data bases; and 
(2) unrestricted flow from these wells may have a significant effect on the quality of surface water 
and shallow ground water in the Red River basin. 
MODFLOW Simulation 
The MODFLOW simulation of ground-water flow and discharge in the study area showed 
that most discharge occurs in the northwestern part of the model, where ground-water gradients 
are the largest, and along the Red River. There also was a zone of discharge near the towns of 
Forest River and Johnstown, near the Forest River. 
The thickness of the surficial sediments, and especially the glacial till thicknesses, affected 
the location of ground-water discharge. The thickness of the glacial tills directly relates to 
variations in the bedrock surface. Because the surficial sediments restrict the discharge of bedrock 
ground water, areas where surficial sediments become thinner would be more conducive to 
ground-water discharge. This is also evident in comparing the surficial thickness map (Rgure 52) 
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Plate 1. Large depression created by unrestricted flowing well in Walsh County. 
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Plate 2. Flowing well and associated wetland in northern Grand Forks County. 
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to the map of saline soils (Rgure 54). There is a good correlation between the bedrock highs, 
thinning of the surficial sediments thickness, and the occurrence of saline soils. 
The occurrence of flowing wells somewhat mimics the zones of discharge in the northern 
part of the model (Rgures 48 and 53). However, there may be other factors that affect the 
distribution of flowing wells. First, the availability of surface water or shallow ground water in 
certain areas would limit the need to drill deeper wells. Second, reports of wells (Appendix B) are 
more abundant in some townships than others, indicating the possibility of inventory errors (some 
landowners may be less open to providing the government with information, or possibly had a 
language problem in that many ethnic groups tended to settle in small areas and retain their 
European languages). In general, wells drilled through surficial sediments in most of the eastern 
part of the model would flow. 
The zones of discharge along the eastern part of the model indicate that saline ground-
water discharge may occur directly to or adjacent to the Red River. Increases in dissolved solids in 
the Turtle, Forest and Park Rivers as they approach the Red River was observed from field 
measurements. In addition, the dissolved solids in the Red River increased between Grand Forks 
and Drayton. This increase in dissolved solids in the Red River and its tributaries may be the result 
of this zone of discharge indicated in the model. 
It is important to note that the model greatly simplifies the hydrologic conditions in 
northeastern North Dakota, and has many possible sources of error. First, bedrock thicknesses 
were based on few geologic data points. As previously noted, the bedrock surface is highly 
channelized by pre-glacial fluvial erosion. Thicknesses and occurrence of bedrock units may be 
much more variable than that represented in the model. Second, hydraulic conductivity for the 
lnyan Kara aquifer is based on a single aquifer test, whereas the hydraulic conductivity of the 
Paleozoic limestone is estimated from tests in similar formations. Given these uncertainties, 
values of transmissivities used in the model may be erroneous. Third, the model tries to mimic pre-
1930 water levels, which may have erroneous data points. In addition, calibrating simulated head 
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values to field measurements provides a solution to the ground-water flow problem, but not the 
only possible solution. Variations in thickness, hydraulic conductivity, and bedrock location would 
produce variations in the spatial location of the zones of discharge used to calibrate the model. 
These factors indicate that the model has significant limitations in relationship to accuracy. 
Origin of Lakes and Wetlands 
Large lakes and wetlands occupied many parts of the Red River basin prior to 1940 (Flgure 
61). Upham (1895) showed numerous lakes and wetlands in the northern part of the basin in North 
Dakota (Figure 62). Many of these lakes and wetlands have been drained and placed into 
agricultural production. However, many smaller lakes and wetlands still occur in the northern part 
of the Red River basin in North Dakota (Flgure 63). In contrast to most lakes and wetlands in the 
Upper Midwest, soils and water in these small lakes and wetlands have large chloride 
concentrations that limit their use for agricultural production. 
The water quality of lakes and wetlands in northeastern North Dakota is different from that of 
most prairie potholes in the upper Midwest. Lakes and wetlands in the Red River basin in 
northeastern North Dakota have sodium-chloride-type waters, whereas prairie potholes, in 
general, have magnesium-sulfate-type waters because of local flowpaths in hummocky glacial 
terrains (Strobel and Gerla, 1993). The distinct water chemistry in lakes and wetlands in the Red 
River basin is presumed to be related to saline ground-water discharge from bedrock aquifers that 
subcrop beneath surficial glacial and lacustrine sediments in the basin (Figure 64). Upward 
vertical gradients in hydraulic head between bedrock aquifers and surficial sediments indicate the 
potential for upward migration of saline ground water to the land surface. The marked similarity 
between the water chemistry in lakes and wetlands in the Red River basin and the water chemistry 
in bedrock aquifers corroborates the hydraulic evidence that the wetlands receive water from 
ground-water discharge. Therefore, the water quality of lakes and wetlands in the Red River basin 
and, in turn, the water quality of the Red River probably is affected by saline ground-water 
Figure 61. 
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Figure 62. Surface water and drainage direction in northeastern North Dakota 
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Figure 63. Major wetlands in the central Red River basin. 





Figure 64. Cross section of the Red River basin showing the geochemical evolution 





discharge. However, evapotranspiration from lakes and wetlands can also significantly contribute 
to large sodium and chloride concentrations. 
Cores taken during the county ground-water study in Walsh County (Downey, 1971 
and1 973) show coarse-grained sediments in the glacial deposits that underlie the lacustrine silts 
and clays are associated with Lake Ardoch. Downey (1986) postulated that many lakes in eastern 
North Dakota result from upward movement of saline ground water through these coarser 
sediments (Figure 58). Downey and Dinwiddie (1988) discuss the hypothesis that basal meltwater 
beneath Late Wisconsinan ice sheet was forced downward through the glacial sediments by 
hydrostatic pressure and was reversed by a release of hydrostatic pressure following deglaciation. 
This rapid flow of water caused erosion in the overlying lake sediments, forming depressions that 
exist today. 
There are problems with this hypothesis. First, the concept of water moving rapidly enough 
through the glacial sediments to actually transport fine-grained materials, thus creating "conduits" 
for ground-water discharge is unrealistic. The velocity required for ground water to transport 
suspended sediment vertically would be much greater than possible in glacial sediments such as 
those found in the Red River basin. Turbulent flow in ground water occurs only in karst or large 
fractures, not in intergranular flow. Laminar flow conditions at the velocities measured for 
lacustrine sediments in this thesis would not have the energy to transport suspended sediment or 
induce saltation in an upward direction. If the critical water velocities for sediment transport, 
presented by Vanoni (19n), were linearly extended to include day-size fractions, a minimum 
velocity of 860 ft/d would be required to initiate or continue sediment transport. This is about 6 to 7 
orders of magnitude larger than the highest estimates of the linear velocities estimated from 
paleogradients, discussed earlier in this thesis. However, the value of 860 ft/d is in error, because 
a linear relationship of critical water velocities vs. grain size does not occur in fine sediments. 
Typically, fine sediments are protected from erosion by larger grains. In addition, cohesion 
between fine grains is an additional force that needs to be exceeded before grain transport can 
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occur. For example, clay-rich environments, such as the land surface in the Red River basin, tend 
to have limited surface-water erosion due to cohesion between the clay grains. 
Therefore, creating depressions by physically removing finer sediment in the glacial 
deposits by ground-water flow is not probable with the geologic conditions in the Red River basin. 
Increases in the rate of dissolution of minerals may be associated with rapid ground-water 
recharge and discharge, but not physical transport of solids. However, heterogeneities, such as 
sand and gravel lenses, occur naturally in glacial deposits. These heterogeneities in the glacial tills 
may adequately provide the conduits that Downey (1986) discussed, but without the need for a 
dynamic setting of recharge and discharge associated with glaciation. 
Secondly, Downey and Dinwiddie (1988) stated that rapid discharge of the ground water 
produced depressions in the lacustrine deposits. First. the deposition of lacustrine sediments over 
an area of rapid discharge would be difficult, and second, given that the lacustrine sediments could 
have been deposited in an area of rapid discharge, it is unrealistic to maintain the rapid ground-
water discharge throughout the period that glacial Lake Agassiz occupied the basin. If the rapid 
discharge had dissipated sometime during the occurrence of glacial Lake Agassiz, the erosional 
depressions Downey and Dinwiddie (1988) referred to would have been filled in with sediment. It 
is estimated that the Sherack Formation was deposited over the period of 9,900 to 9,000 C14 yrs 
B.P., a total period of about 900 years. To sustain "rapid" discharge over a period of 900 years is 
difficult to conceptualize. 
More likely, heterogeneities in the glacial sediments served as conduits for ground-water 
recharge and discharge from bedrock aquifers. These areas of larger hydraulic conductivity 
provided locations for focused discharge through the glacial sediments. In essence, these "weak 
points" in the confining sediments focused the discharge in specific locations. The large quantity of 
chlorides in the discharging ground water greatly limited the amount of vegetation that could 
survive in the discharge zones. During periods of drought, when soil moisture was diminished and 
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evapotranspiration exceeded the ground-water discharge rate, these areas of saline soils were 
more exposed to wind erosion effects than the surrounding vegetated zones. This probably 
resulted in surface erosion, and the resulting depressions that became wetlands. 
In other areas, wetlands could have been developed in naturally occurring depressions 
created by fluvial and eolian erosion. These depressions were then filled by direct precipitation, 
surface inflow, and discharge of ground-water from shallow aquifers. This generally occurs where 
the fine texture of glacial and lacustrine sediments limits the volume of discharge from the bedrock 
aquifers to the surface. The only discharge from these topographic depressions is by 
evapotranspiration. Evapotranspiration generally is greater than precipitation in the Red River 
basin and results in a seasonal deficit. This deficit, along with the slow discharge of deep, saline 
ground water to the depressions, has led to large concentrations of dissolved solids. Seasonal 
fluctuation of the dissolved solids in these wetlands may be as much as 20,000 mg/L. 
Topographic maps indicate that Salt Lake may have formed from an abandoned meander of 
the Park River (Figure 56). In Figure 56, Salt Lake is shown as two lakes. Presently, it is one large 
lake, although shallow in the middle. There are two small tributaries that enter Salt Lake from the 
north. If Salt Lake is an abandoned meander of the Park River, then these tributaries could have 
provided inflow to this fluvially eroded area, creating the present lake. Although this is one 
hypothesis for the formation of the lake, other physical evidence supports alternate processes of 
formation. 
Field observations around the banks of the lake revealed numerous pebbles and cobbles. It 
is uncertain whether these are fluvial deposits or a congregation of anomalous sediments that 
occur in the lacustrine deposits and have eroded out and settled in this surface depression. It is 
interesting that similar deposits do not occur in the other wetlands in the study area. One 
possibility is that there is some ice-rafted debris deposited in the area. An iceberg in glacial Lake 
Agassiz may have become stranded in the area of present Salt Lake. As Lake Agassiz levels 
dropped, the weight of the iceberg could have produced a depression in the surface of the soupy 
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lake bottom. Debris from the melting iceberg would then fill in some of the depression. This would 
account for the large clasts found around the lake shore, which are anomalous to the adjacent 
area of fine-grained lacustrine deposits. However, if this was a topographic depression formed by 
this process, then it would seem likely that the lake would have pirated the nearby Park River. 
Ground-water discharge from bedrock aquifers also may have contributed to the formation 
of Salt Lake. Measurements of specific conductance of water around the margin of Salt Lake show 
a zonation of the dissolved solids concentrations, with levels ranging from 3,000 to 13,000 mg/L 
around most of the lake and greater than 19,000 mg/Lin the southwest portion of the lake. 
Moreover, shallow sediments in the southwest portion of the lake appear to be soft and "puffed 
up". This may indicate that there is some ground-water discharge in this area. Whether this is 
discharge from a local flowpath due to an elevated road embankment nearby or discharge from 
bedrock aquifers is uncertain, but the large dissolved-solids concentrations would support the 
latter. The large number of local flowing wells and saline soils also indicates a strong influence 
from bedrock ground-water discharge. 
Further study of Salt Lake is required to better understand what processes are responsible 
for the origin of the lake. One possibility is a combination of two processes where the lake began 
as an area of ground-water discharge that produced a depression, pirated the Park River, then 
eventually was cut off from the river by meandering of the river, forming the present lake. However, 
the stranded iceberg theory is also feasible and intriguing. 
One other factor responsible for the occurrence of saline wetlands is flowing wells. Several 
small saline wetlands may have resulted from the unrestricted flow from wells open to bedrock 
aquifers or lower units in the surficial sediments (plates 1 and 2). Numerous flowing wells were 
completed in bedrock aquifers during the first half of this century in eastern Grand Forks and 
Walsh Counties. Flow from many of these wells has resulted in surface erosion and wetlands. The 
distribution of these wetlands produced from flowing wells is restricted to areas where the 
potentiometric surface of the bedrock aquifers is above the land surface. 
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It is obvious that lakes and wetlands are important indicators of ground-water discharge in 
the Red River basin for some cases. However, it also is important to examine each lake and 
wetland individually in order to specify how it related to the ground-water hydraulics. Even so, the 
general observation that lakes and wetlands in the basin occur in accordance with saline ground-
water discharge is correct. This is examined in the section on streams, with which many of the 
lakes and wetlands are associated. 
Salinity Distribution in the Red River Basin 
Ground-water discharge from bedrock aquifers upward to shallow glacial tills and lacustrine 
sediments can affect the chemical composition of pore water in these units. The ground-water 
chemistry is complicated by recharge through surficial units that can mix with bedrock ground 
water. The degree of bedrock discharge and infiltration of precipitation varies spatially across the 
basin and produces variations in the ground-water chemistry. 
Ground-water analyses from the Red River basin (Kelly, 1968; Downey, 1971 ; National 
Uranium Resource Evaluation Program, 1981 a and1981 b) indicate a spatial variation of major ion 
composition. A two-dimensional model for ground-water flow through an east-west diagrammatic 
section (Figure 64) developed by Gerla (1992), coupled with ground-water chemistry data, 
indicates that discharge consists of hybrid water mixed from various sources (Gerla, 1992; Strobel 
and Gerla, 1992). The subsurface flow pattern indicates that ground water in the Paleozoic and 
Lower Cretaceous units flows laterally eastward until it reaches the Red River basin where it flows 
upward into glacial and lacustrine sediments. 
Based on the lithology of the geologic units in the basin, the ground-water analyses can be 
divided into three groups-those from Pleistocene sediments, those from Cretaceous shale, and 
those from Lower Cretaceous and undifferentiated Paleozoic sandstone. Results of the numerical 
model and pathline analysis (Gerla, 1992) further indicate that water sampled from Pleistocene 
sediments can be separated on the basis of well location in a recharge or discharge zone (Figure 
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65). Sodium-chloride-type water from deep bedrock sources is mixed with calcium-magnesium-
sulfate-type water from Cretaceous shale and shale-rich Pleistocene sediments. The chloride 
concentration of the ground water discharged from Pleistocene sediments increases toward the 
east in the Red River basin. The chemical composition of the discharge is controlled by the 
proportions of water derived from Pleistocene sediments, Cretaceous shale, and Lower 
Cretaceous and Paleozoic bedrock. Discharge of ground water that flows along increasingly 
deeper pathlines occurs eastward in the diagrammatic section (Figure 64); hence, the 
chloride/sulfate ratio increases in that direction. 
During this study, ground-water samples were taken from the three study sites and analyzed 
for major ions, some metals, and various properties such as specific conductance, pH, dissolved 
oxygen, alkalinity, and water temperature. These samples provided information on the variations in 
ground-water chemistry both spatially and with depth. The abundances of dissolved constituents 
in the ground water should have a significant influence on surface-water quality in the basin. 
Implications for Surface-Water Quality 
In northeastern North Dakota, surface water is the main source of water for domestic, 
municipal, and industrial uses. The exception to this is in western Grand Forks and Walsh 
Counties, where surficial aquifers, such as the Elk Valley, Inkster, and Fordville aquifers, are the 
water supply. However, the majority of the population in the region relies on surface water. The 
concern about ground-water quality is mainly focused on its effect on surface-water 
quality.Therefore, the constituents of ground water that discharges to the surface may affect the 
quality of surface water supplies. 
As previously mentioned, chlorides are the most abundant major ion in the bedrock water. 
Chloride concentrations in deep wells typically exceed the limits for human consumption. Chloride 
concentrations in many lakes and wetlands often cause the water to reach levels of strongly saline 
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Figure 65. Chloride concentration and chloride/sulfate ratio of ground-water 
analyses (from Strobel and Gerla, 1992). 
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lakes and wetlands, therefore, can enter the Red River and affect its water quality. This will be 
discussed more later. However, maximum contaminant limits (MCL) have not been set for chloride 
in surface water. The guidelines set by the U.S. Environmental Protection Agency (USEPA) 
suggest chloride levels be kept below 250 mg/L, but this is not a mandate for water supplies. In the 
study of Lake Ardoch, the International Pollution Control Board and the USEPA outlined target 
chloride levels for the Red River at the International Boundary and set a standard of 100 mg/L 
(USEPA, 1977). However, this limit is often exceeded during low-flow conditions and can be 
related, either directly or indirectly, to ground-water discharge. 
Minor constituents in ground water may also affect the water quality in the Red River. Winter 
and others (1984) discussed a geochemical source for selenium in the Cretaceous bedrock in the 
basin. They found the potential for exceeding the Federal primary drinking water standard of 10 
ug/L. Water-quality samples taken by the U.S. Geological Survey show selenium levels have 
exceeded the standard in the Red River at Grand Forks and at Pembina and in the Pembina River 
at Walhalla in at least 6 samples taken between 1964 and present, with numerous other samples 
with detectable selenium levels. Therefore, although it may not be a constant threat, selenium 
derived from ground water does have an effect on water quality in the Red River. 
A constituent not addressed by Winter and others (1984), but present in almost all ground-
water and surface-water samples taken in northeastern North Dakota, is boron. Boron is an 
essential plant nutrient, yet large concentrations can be toxic to some vegetation. Boron 
transported by ground water to the land surface can have a detrimental effect on crops that are 
sensitive to large concentrations. Because northeastern North Dakota has mainly an agricultural 
economy, this is an important water-quality constituent to measure. Areas of large ground-water 
discharge from bedrock aquifers may be affeded by large boron concentrations as well as 
chlorides. Hem (1992) stated that boron is a constituent contained in biotite and amphibole of 
granitic rocks and pegmatites. Boron levels as low as 1 mg/L can be toxic to some plants. Hem 
(1992, p. 215) provided a table that shows crop tolerance to boron. Of particular interest to 
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northeastern North Dakota are potatoes, sunflowers, wheat, and corn, which are all semi-tolerant, 
and sugar beets, which are tolerant. He did not list boron concentrations to quantify these 
rankings. 
Boron concentrations were examined in ground-water and surface-water samples taken 
between 1949 and the present on various wells and streams. Boron was almost consistently found 
in the samples, with ground water usually having much higher concentrations of boron than 
surface water. Appendix F shows the concentrations and locations of ground-water and surface-
water samples in which boron exceeded 1 mg/L. 
Analyses by Winter and others (1984) found boron levels in the Red River at Grand Forks to 
be below 1 mg/L; however, the maximum boron concentration measured in the Sheyenne River at 
Kindred, which flows into the Red River, was 20.0 mg/L. This is a significant concentration and is 
probably due to ground-water discharge from the Sheyenne Delta aquifer. 
Other minor constituents in ground water also were examined from both ground-water and 
surface-water samples, but were typically found in amounts below the MCLs. Of particular interest 
were arsenic, which has been found in concentrations exceeding 50 ug/L in southeastern North 
Dakota and is believed to have both natural and anthropogenic sources, and cadmium, which 
Winter and others (1984) found in some surface-water samples in the Red River basin. Although 
both constituents were detected in numerous ground-water samples in northeastern North Dakota, 
levels were usually only slightly above laboratory detection limits. 
A study completed by the USEPA (19n) showed that outflow from Lake Ardoch can have 
chloride concentrations that exceed 6,000 mg/L and can affect the chloride concentrations in the 
Red River at the International Boundary. Many of the chloride concentrations measured in the Red 
River were above 100 to 200 mg/L, which exceeds the USEPA and the International Pollution 
Control Board target limit of 100 mg/L. Following the USEPA study, human-controlled releases 
from Lake Ardoch reportedly ceased. 
CONCLUSIONS 
Ground-water discharge from bedrock aquifers contributes significant amounts of salinity to 
the Red River. The area of major discharge is represented on the land surface by saline soils, 
wetlands, and flowing wells. As tributaries flow through these areas, the dissolved-solids 
concentrations in the streams increase. This salinity is then transported to the Red River and 
northward to Canada. 
The occurrence of saline soils, lakes, wetlands, and streams have been noted prior to 
settlement in northeastern North Dakota. A source of salt may have attracted wildlife, and 
subsequently hunters and trappers, to the area. The salinity occurred due to saline ground-water 
discharge upward from bedrock aquifers through glacial and lacustrine sediments. With the 
settlement of the area, flowing wells contributed to the salinity transport to the surface. 
A factor in the salinity in the Red River basin is the bedrock and surficial geology. The 
bedrock geology in the area consists of Paleozoic and Mesozoic sedimentary formations that are 
underlain by Precambrian crystalline rock. The bedrock units are on the eastern margin of the 
Williston Basin, and ground-water flow in these units is from west to east. The bedrock surface is 
channelized by preglacial erosion. Overlying the bedrock are sediments from numerous glacial 
advances and lacustrine sediments from glacial Lake Agassiz. These units form confining layers 
over the bedrock aquifers and limit the rate of ground-water discharge from bedrock sources. 
There are three main mechanisms for transporting salinity from bedrock sources to the 
surface; advection, diffusion, and flowing wells. This study shows that measured values of 
hydraulic conductivity in the surficial glacial and lacustrine sediments supports advective flux 
through these units. An average linear velocity for the Brenna Formation, which is the major 
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confining unit in the area, was estimated at about 5.0 x 10-5 ft/d, which indicates it requires about 
3,500 years for water to flow through this unit under the present hydraulic gradient. The 
weathering of soils also may contribute to surface salinity, but the chemistry of the lakes supports 
a component of bedrock water discharge. Diffusion may contribute to the transport of salinity to the 
surface, but independently could not have led to the levels of salinity found at the surface. Flowing 
wells within the study area contribute to the surface salinity, although the quantity of contribution to 
the salinity is poorly defined. Estimates of flowing well discharge and the spatial distribution of the 
flowing wells illustrate that these wells may have an effect on surface-water quality during low-flow 
periods. However, the effect of the flowing wells on water quality is negligible during normal 
streamflow conditions. 
As part of the investigation of mechanisms that transport salinity, a pressurized slug test was 
designed for use in low-permeable sediments. The test uses either bladder or packer systems and 
is simple to construct. Results indicate that this test may be a viable alternate approach to using 
conventional slug tests when estimating hydraulic conductivities in tight formations when water-
level recovery is slow. 
The ground-water flow model was used to investigate how bedrock hydrogeologic 
parameters affect ground-water discharge in the study area. It was found that the location of 
bedrock aquifers, bedrock-surface configuration, thickness and hydraulic conductivities influences 
the direction of ground-water discharge. Thickness of the overlying surficial sediments is a 
condition that might focus ground-water discharge. Saline soils relate both to the subcropping of 
the lnyan Kara aquifer and the thickness of the surficial sediments. Flowing well distribution, 
although mostly concentrated near the zones of greatest discharge in the model, are affected by 
numerous factors, such as the availability of surface water, occurrence of shallow ground water 
sources, and human habitation of certain areas. In general, flowing wells occur throughout the 
eastern portion of the model. Discharge indicated by the model occurs mainly in the northwestern 
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part of the study area and along the Red River. Discharge near the Red River may be responsible 
for the increases in dissolved solids measured in surface-water samples in the field. 
Ground-water composition varies in northeastern North Dakota. Water in the sandstone 
aquifer, which consists of the lnyan Kara Formation of the Dakota Group, is strongly sodium-
chloride-type water. Water in shales and Pleistocene sediments is typically calcium-magnesium-
sulfate-type water. There is mixing of the waters in northeastern North Dakota, with the sodium-
chloride-type water more prevalent to the east, where bedrock ground-water discharge becomes 
more dominant. Chlorides in the ground water may have a significant effect on surface-water 
quality in many lakes and wetlands. In addition, boron in the ground water may affect soils and 
shallow ground water and be detrimental to many crops. 
The water composition found in many lakes and wetlands in northeastern North Dakota is 
similar to that in the bedrock aquifers that underlie the surficial sediments in the area. This 
supports the interpretation that ground-water discharge from bedrock aquifers directly contributes 
to these lakes and wetlands. The lakes and wetlands may overlie zones of large hydraulic 
conductivity in the glacial tills. The origin of these zones is probably due to natural deposition 
processes associated with glaciation and not to any process that caused ground-water reversals 
in the deposits, as suggested by other studies. However, the origin of depressions that form the 
lakes may be due to grounding of icebergs, as supported by large-grained clasts found around 
some lakes in the area. 
The effect of the ground-water discharge on streams was examined using field 
measurements of streamflow and dissolved-solids load, and historic surface-water data in 
northeastern North Dakota. The effects of ground-water discharge become more significant during 
periods of low flow. As streamflow contributions from precipitation runoff and snowmelt decrease, 
ground-water discharge produces increases in dissolved-solids concentrations in the surface 
water. These increases are reflected as increased salinity in the Red River during late fall and 
winter. The Turtle, Forest, and Park Rivers contribute most of the salinity in the Red River. 
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Saline ground-water discharge has a significant effect on the quality of soils, lakes, 
wetlands, and streams in northeastern North Dakota. Transport of salinity occurs mainly by 
advection. The rate of ground-water discharge has probably declined significantly over the last 
one-hundred years due to head-reduction caused by unregulated flowing wells. How this alteration 
of the natural flow conditions will affect soils, lake, wetland, and stream water quality in the future 
is uncertain. It is probable that without pumping, heads in the bedrock aquifers will never decline 
below the land surface in the area. Therefore, understanding the source of the ground water and 
its effect on surface-water quality are important for any plans involving water resources in 
northeastern North Dakota. 
APPENDICES 
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APPENDIX A: Specifications of wells used in the study. 
Screen 
Identification 









(feet) length land screened 
surface) 
1-1 481529097170401 80 6 feet 3 feet 75-80 8/30/91 Brenna 
1-2 481529097170402 50 6 feet 3 feet 45-50 8/30/91 Brenna 
1-3 481529097170403 25 6 feet 3 feet 20-25 8/30/91 Brenna/ 
Falconer 
R 2-1 481234097234601 106 no sand 3 feet 101 - 106 8/20/91 Falconer 
2-2 481234097234602 65 6 feet 3 feet 60-65 8/21/91 Brenna 
2-3 481234097234603 45 6 feet 3 feet 40-45 8/21/91 Brenna 
2-4 481234097234604 85 6 feet 3 feet 80- 85 8/22/91 Brenna 
2-5 481234097234605 25 no sand 3 feet 20-25 8/22/91 Brenna/ 
Poplar 
River 
2-6 481234097234606 17 6 feet 3 feet 12 - 17 8/22/91 Poplar 
River 
3-1 481833097371401 78 6 feet 3 feet 73 - 78 8/29/91 4/20/95 uncertain 
3-2 481833097371402 19 6 feet 3 feet 14 - 19 8/29/91 4/20/95 Falconer 















(feet) length land screened 
surface) 
3-3 481833097371403 54 6 feet 3 feet 49-54 8/29/91 4/20/95 uncertain 
3-4 481833097371404 71 6 feet 3 feet 66- 71 8/29/91 4/20/95 uncertain 
3-5 481833097371405 81 6 feet 3 feet 76 - 81 8/23/91 4/20/95 uncertain 
3-6 481833097371406 IOI 6 feet 3 feet 96 - IOI 8/23/91 4/20/95 uncertain 
8; 
APPENDIX B: Wells in northern Grand Forks and eastern Walsh Counties, as 




Date level level Well 
(ft) dug (initial) in 1939 capacity 
(ft) (ft) 
153-50-6b 180 2 in 1925 flow flow -
153-50-6c 200 2 in 1932 flow flow 3gpm 
153-50-7d 18 15 in 1907 -10 -10 1 bbl 
153-50-7d 103 2 in 1930 flow flow 8gpm 
153-50-8b 195 2 in 1925 flow flow 10gpm 
153-50-8c 20 24in - -14 -14 2 bbls 
153-50-l 7c 190 2 in - flow flow 2000 gpd 
153-50-18c 198 2 in 1900 flow flow 4gpm 
153-50-18d 160 2 in 1905 flow flow lgpm 
153-50-19b 190 2 in 1939 flow flow 4gpm 
153-50-20b 180 -- 1929 flow flow .5gpm 
153-50-26a 140 - - flow flow l gpm 
153-50-27b 44 4 ft 1900 -30 -30 15 bbls 
153-50-28b 28 -- 1939 -16 -10 4 bbls/d 
153-50-28c 28 12to3 in 1937 -20 -20 2 bbls 
153-50-3ld 18 4 ft - -14 -14 2 bbls 
153-50-32b 200 2 in 1929 flow flow -
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APPENDIX B: Wells in northern Grand Forks and eastern Walsh Counties, as 




Date level level Well 
(ft) dug (initial) in 1939 capacity 
(ft) (ft) 
153-51-lc 150 - - flow flow 3 bbls/d 
153-51-2b 180 - 1938 - - 2gpm 
153-51-3d 180 -- 1933 flow flow 5 gpm 
153-51-Sa 112 2 in 1936 flow flow -
153-51-8a 95 2 in 1939 flow flow .Sgpm 
l53-51-9a - 2 in 1932 flow flow 4gpm 
153-51-9c 120 2 in 1925 flow flow .25 gpm 
153-51-lOa 90 2 in 1910 flow flow 1 gpm 
153-51-IOa 110 2 in 1939 flow flow 2.5 gpm 
153-51-IOc 140 2 in 1909 flow flow 2gpm 
153-51-12a 190 2 in -- flow flow .Sgpm 
1S3-5l-I2c 154 2in 1905 flow flow 1 gpm 
I53-51-13d 185 2in 1938 flow flow 10gpm 
153-5 l-I3d 185 2 in 1934 flow flow .Sgpm 
1S3-5I-l4b 100 -- 1915 flow flow .Sgpm 
153-51-lSb 130 - 1918 flow flow 3gpm 
153-51-15b 100 2 in 1928 flow flow 3gpm 
I53-51-16d 100 2in 1898 flow flow 1gpm 
153-51-17b 130 2in 1915 flow flow 2gpm 
153-51-l?d 160 2 in 1914 flow flow -
153-51-l?d 14 5 ft 1934 -11 -12 -
153-51-18a 185 2 in 1927 flow flow .25 gpm 
I53-5 l-18c 112 2 in 1939 flow flow -
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APPENDIX B: Wells in northern Grand Forks and eastern Walsh Counties, as 




Date level level Well 
(ft) dug (initial) in 1939 capacity 
(ft) (ft) 
153-51-18d 100 2 in 1932 flow flow .5gpm 
153-51-20c 13 - 1890 -10 -10 4 bbls 
153-5 l-2lb 140 - 1918 flow flow 4gpm 
153-51-2ld 135 2 in - flow flow 1gpm 
153-51-22a 85 2 in - flow flow 2gpm 
153-51-22b 95 - 1900 flow flow -
153-51-23b 130 2 in 1937 flow flow 1gpm 
153-5 l-26d 154 2in 1934 flow flow -
153-51-27b 125 -- 1938 flow flow -
153-51-29a 14 4ft 1905 -8 -12 2 bbls 
153-51-30a 15 - 1919 -7 -11 20 bbls/d 
153-51-32c 190 2 in 1904 flow flow -
153-51-33a 120 2 in 1934 flow flow 3gpm 
153-51-34b 70 2in 1925 flow flow 3gpm 
153-51-34b 100 2 in 1905 flow flow 4gpm 
153-5 l-34b 65 2 in 1934 flow flow 1gpm 
153-51-35d - 2 in 1928 flow flow 4gpm 
153-52-la 120 lto2 in 1937 -- - -
153-52-2c 165 2 in 1891 - - -
153-52-3b - -- - - -- -
153-52-6d 121 - 1917 - - -
153-52-7b 118 -- 1937 - - -
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APPENDIX B: Wells in northern Grand Forks and eastern Walsh Counties, as 
inventoried by Simpson in 1939 (unpublished data) (Continued) 
Water Water 
Location 
Depth Diameter Date 
level level Well 
(ft) dug (initial) in 1939 capacity 
(ft) (ft) 
153-52-l lc 120 ltol.25 in 1936 - -- -
153-52-13d 112 2 in 1933 - - -
153-52-15a 18 4ft 1931 -14 -16 -
153-52-18b 124 lto2 in 1932 - - -
153-52-21a 15 4ft 1939 -12 -12 -
153-52-22a 147 - 1936 - - -
153-52-22b 19 5 ft 1938 -15 -15 -
153-52-22c 21 4ft 1935 -17 -19.5 -
153-52-24a 250 - - - - -
153-52-24d 15 - 1936 -11 -12 -
153-52-26b 13 3 ft 1900 -9 -I0.5 -
153-52-27a 14 4ft 1932 -11 -11.5 -
153-52-27c 15 4ft 1935 -12 -12.5 -
153-52-27d 16 5 ft 1934 -13 -13 -
153-52-28d 14 4ft 1900 -9 -IO -
153-52-29c 90 -- 1933 - - -
153-52-3 lc 80 - 1934 - -- -
153-52-3 ld 80 - 1936 - -- -
153-52-32c 113 2 in 1912 - - -
153-52-32c 82 .5to2 in 1934 - - -
153-52-32c 80 - 1933 - -- -
153-52-32c 80 - 1936 -- -- -
153-52-33c 60 - 1931 - - -
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APPENDIX B: Wells in northern Grand Forks and eastern Walsh Counties, as 
inventoried by Simpson in 1939 (unpublished data) (Continued) 
Water Water 
Location 
Depth Diameter Date 
level level Well 
(ft) dug (initial) in 1939 capacity 
(ft) (ft) 
l53-52-34d 170 - 1937 - - -
l53-53-2b 97 3 in 1900 -13 -20 -
l53-53-2c 100 2 in 1929 -10 -15 -
l53-53-3c so 3 ft 1921 -20 -30 -
l53-53-4a 42 24 in 1938 -8 -9 -
153-53-Sb 212 2in 1919 flow flow -
153-53-Sd 213 2in 1933 flow flow -
153-53-9 200 2in - 0 0 -
153-53-llc 108 4in 1916 -8 -8 -
153-53-1 ld 120 3 in 1900 -7 -11 -
153-53-12c 106 4 ft&2 in 1930 -1 -2 -
153-53-13a 160 - 1909 - flow -
153-53-14c 30 24to2 in 1909 -8 -8 -
153-53-lSb 74 24 in 1938 -30 -30 -
153-53-16c 224 2in 1927 flow flow -
153-53-1 Th 224 2 in 1898 flow -1 -
153-53-18c 70 36to24 in 1919 -20 -70 -
153-53-19b 32 4ft 1900 - -20 -
153-53-l 9c 60 3 ft 1914 -20 -25 -
153-53-19d so 3 ft 1926 -25 -25 -
153-53-20b 40 3 ft 1919 -30 -32 -
153-53-20c 45 3 ft 1909 -15 -30 -
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APPENDIX B: Wells in northern Grand Forks and eastern Walsh Counties, as 
inventoried by Simpson in 1939 (unpublished data) (Continued) 
Water Water 
Location 
Depth Diameter Date 
level level Well 
(ft) dug (initial) in 1939 capacity 
(ft) (ft) 
l53-53-21c 35 4ft 1900 -27 -27 -
153-53-21c 30 3 ft 1930 -20 -25 -
153-53-23b 187 2.5 ft 1920 flow flow -
153-53-23b 110 6 in 1922 flow flow -
153-53-24c 108 2 in 1936 0 0 -
153-53-27a 15 3.5 ft 1919 -10 -12 -
153-53-27a 170 6 in 1924 -1 -1 -
153-53-27d 40 24in 1910 -15 -20 -
153-53-28b 32 36in 1914 -18 -24 -
153-53-28d 125 2 in 1900 - -12 -
153-53-28d 70 36in 1919 -50 -50 -
153-53-29a 38 36in 1916 -15 -20 -
153-53-29b 37 30in 1922 -10 -20 -
153-53-29c 42 3 ft 1918 -30 -30 -
153-53-30d 40 4ft 1898 -8 -25 -
153-53-32a 36 36in 1919 -18 -18 -
153-53-33b 189 5 ft&5 in 1919 -1 -l -
153-53-34c 19 4ft 1932 -10 -11 -
153-53-34d 32 5 ft 1898 -5 -6 -
153-53-35a 45 3 ft 1918 -10 -30 -
153-54-2a 270 4 in 1924 -30 -30 -





APPENDIX 8: Wells in northern Grand Forks and eastern Walsh Counties, as 
inventoried by Simpson in 1939 (unpublished data) (Continued) 
Water Water 
Location 
Depth Diameter Date 
level level Well 
(ft) dug (initial) in 1939 capacity 
(ft) (ft) 
153-54-3d 336 3 in 1919 -15 -40 -
153-54-4<1 20 4 ft sq 1900 -- -15 -
153-54-6a 422 3to2 in 1922 - -70 -
153-54-6d 525 5to2 in 1908 - -80 -
153-54-lOd 400 6 in 1910 - -160 20 bbls 
153-54-llb 45 4 ft sq 1909 -30 -40 2 bbls 
153-54-12b 200 4 in 1915 -20 -30 -
153-54-12d 28 5 ft sq 1917 -16 -24 20 bbls 
153-54-Bd 70 3 ft 1924 -5 -30 2 bbls 
153-54-14a 40 4 ft sq 1909 -15 -15 -
153-54-14b 60 2 ft 1929 -30 -50 -
153-54-16 558 4to2 in 1918 -50 -50 30 bbls 
153-54-18c 10 4 ft sq 1932 -8 -8 -
153-54-2lc 430 4 in 1929 -60 -60 -
153-54-22c 55 5 ft 1918 -18 -45 5 bbls 
I53-54-22d 64 32 in 1938 -30 -30 20 bbls 
153-54-24d 52 3to2 ft 1916 -40 -40 -
I53-54-25c 60 3 ft 1938 -35 -35 10 bbls 
153-54-25d 60 4 ft sq 1910 -- -40 -
153-54-26a 60 3 ft sq 1927 -50 -50 -
153-54-27d 60 28 in 1936 -20 -40 -
153-54-28d 85 20 in 1924 -30 -30 -
153-54-29c 35 28 in 1933 -20 -30 10 bbls 
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APPENDIX B: Wells in northern Grand Forks and eastern Walsh Counties, as 




Date level level Well 
(ft) dug (initial) in 1939 capacity 
(ft) (ft) 
153-54-30b 13 4 ft sq 1935 -4.5 -4.5 -
153-~-~3 la 16 4 ft sq 1902 -4 -14 -
153-54-3 lc 30 4 ft sq 1919 -20 -20 -
153-54-3 ld 20 28 in 1925 -20 -20 -
153-54-32c 9 6 ft 1914 -6 -6 -
153-54-34a 20 4 ft sq 1900 -10 -3 -
153-54-36a 37 28tol8 in 1916 -10 -14 -
153-54-36b 60 3 ft 1912 -30 -30 10 bbls 
153-54-36d 22 4 ft sq 1910 -12 -14 IO bbls 
153-55-lc 16 5 ft 1939 -7 -15.5 -
153-55-2b 18 6 ft 1939 -12 -11 9 bbls 
153-55-2d 11 5 ft 1892 -7 -5 150 bbls 
153-55-5a 14 4ft 1939 -12 -12.5 24 bbls 
153-55-6a 14 2.5 ft 1910 -11 -13 15 bbls 
153-55-To 21 4.5 ft 1917 -12 -18 55 bbls 
153-55-8a 20 4.5 ft 1918 -14 -17 30 bbls 
153-55-Sc 14 4 ft 1938 -12 -12 20 bbls 
153-55-9d 14 3.5 ft 1900 -10 -11 20 bbls 
153-55-I3c 8 4ft 1918 -5 -7 25 bbls 
153-55-17d 14 3.5 ft - -11 -12 10 bbls 
153-55-18c 28 5 ft 1927 -16 -23 30 bbls 
153-55-18d 14 4ft 1926 -10 -12 18 bbls 
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APPENDIX 8: Wells in northern Grand Forks and eastern Walsh Counties, as 




Date level level Well 
(ft) dug (initial) in 1939 capacity 
(ft) (ft) 
153-55-19d 24 2 ft 1928 -18 -18 -
153-55-21a 24 3.5 ft 1938 -22 -22 25 bbls 
153-55-27c 30 3 ft 1920 -26 -28 7 bbls 
153-55-27d 52 32in 1915 -40 -50 35 bbls 
153-55-29a 16 3 ft 1924 -9 -15 50 bbls 
153-55-29a 19 8 in - -15 -16 -
153-55-30a 20 4ft 1914 -15 -18 14 bbls 
153-55-30b 18 4ft 1918 -14 -18 25 bbls 
153-55-30c 22 5 ft 1937 -20 -20 20 bbls 
153-55-3 lb 25 3.5 ft 1920 -20 -24 3 bbls 
153-55-32a 25 2.5 ft 1899 -19 -22.5 30 bbls 
153-55-32d 19 3 ft 1928 -11 -14 20 bbls 
153-55-35d 37 2 ft 1936 -30 -35 15 bbls 
154-50-3 lc 30 24in 1913 -15 -29 25 gal? 
154-51-3d 160 8to2 in 1938 -40 -40 1000 gals 
154-51-5b 20 16 in 1939 - -- 1.5 bbls 
154-51-6b 185 2 in 1930 flow flow 100 gpm 
154-51-6d 15 4ft 1937 -13 -12 4 bbls 
154-51-?b 30 4 ft sq 1929 -13 -18 100 gph 
154-51-9a - 2 in 1925 flow flow .33 gpm 
154-51-llb 18 -- 1929 -12 -17 21 gals 
l 
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APPENDIX 8: Wells in northern Grand Forks and eastern Walsh Counties, as 




Date level level Well 
(ft) dug (initial) in 1939 capacity 
(ft) (ft) 
154-51-13b 18 - 1935 -9 -9 10 bbls/d 
l54-51-13c 45 2 ft 1919 -30 -30 20 gals 
154-51-14b 190 2 in 1929 flow flow .5gpm 
154-51-17c 165 2 in 1937 flow flow 3 gpm 
154-51-18b 145 2 in 1936 flow flow 12 gpb 
154-5l-19d 140 2 in 1937 flow flow 111 bbls 
154-51-20d 13 3 ft 1936 -8 -8 150 gpd 
154-51-20d 24 4 ft sq 1919 -6 -19 400 gal 
154-51-21a 193 2 in 1920 flow flow 5 gpm 
154-51-2la 18 3.5 ft - -16 -16 50 gpd 
l54-51-2lb 160 2 in 1927 flow flow 10gpm 
154-51-23a 20 3x4 ft 1919 -14 dry -
154-51-23b 16 6 ft sq 1927 -11 -12 150 gpd 
154-51-23b 30 32 in 1919 -25 -29 10 gpb 
154-51-23c 16 4 ft sq 1933 -12 -12 150 gpd 
154-51-24c 42 32in 1916 -21 dry -
154-51-25a 24 4x5 ft 1932 -13 -19 250 gal 
154-51-25b 30 4 ft sq 1925 -25 -27 50 gal 
154-51-25d 22 3x4 ft 1935 -16 -18 150 gpd 
154-51-26b 20 4 ft sq 1900 -15 -18 5 bbls/br 
154-51-27a 184 2 in 1928 flow flow 5gpm 
154-51-27d 150 2in 1934 flow flow l gpm 
154-51-27d 180 2 in 1933 flow flow 1 gpm 
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APPENDIX 8: Wells in northern Grand Forks and eastern Walsh Counties, as 




Date level level Well 
(ft) dug (initial) in 1939 capacity 
(ft) (ft) 
154-5l-29a 20 30 in 1935 -16 -16 -
154-51-29a 175 2 in 1931 flow flow 1gpm 
154-51-29b 212 2 in 1932 flow flow 1gpm 
154-5l-3la 112 3 in 1934 flow flow 1 gpm 
154-51-3 lc 115 2 in 1936 flow flow 25 gph 
154-51-34a - 2 in 1934 flow flow 10gpm 
154-51-35c 175 - 1935 flow flow 5gpm 
154-51-35d 160 3 in 1930 flow flow 20 bbls 
154-51-35d 15 4x5 ft 1939 -14 -14 200 gal 
154-51-36d 20 18 in - -16 -16 50 gal 
154-5 l-36d 185 4ft&2 in 1919 - - 100 gal 
154-52-lb 158 -- - - - -
l54-52-2c 160 -- 1937 - -- -
154-52-2c 150 - 1935 - -- -
154-52-4b 14 - -- - - -
154-52-5c - -- -- - -- -
154-52-5 14 - -- -- - -
154-52-7c 150 - - - -- -
154-52-8a 110 - 1917 - - -
154-52-8d 190 - 1936 - -- -
154-52-9c 180 - - - - -
154-52-l lb 12 5 ft - - - -
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APPENDIX B: Wells in northern Grand Forks and eastern Walsh Counties, as 




Date level level Well 
(ft) dug (initial) in 1939 capacity 
(ft) (ft) 
154-52-12a 25 4to3 ft 1939 - - -
154-52-12d 150 - - - - -
154-52-Bd 140 - - - -- -
154-52-16a 112 - 1938 - - -
154-52-17b 140 - 1935 - - -
154-52-lSa 14 - - - - -
l54-52-24d 160 - - - - -
154-52-29b 125 - - - - -
154-52-30a 126 -- 1935 - - -
154-52-3 ld 110 - 1935 - - -
154-52-36a 14 4ft -- -- - -
154-52-36c 119 -- 1935 - - -
154-53-ld 224 2in 1939 flow flow 2gpm 
154-53-2a 235 2 in 1933 flow flow 1gpm 
154-53-2d 98 2 in 1933 flow flow 2gpm 
I54-53-3b 55 24in 1918 -30 -30 -
154-53-4c 120 6in 1918 -30 -30 4 bbls 
154-53-5a 67 3 ft&2 in 1933 -40 -40 -
154-53-5b 14 3.5 ft 1916 -11 -11 -
154-53-5d 225 2 in 1934 flow flow .5gpm 
154-53-7a 287 2in 1938 -5 -5 -
154-53-7b 22 4 ft 1925 -15 -20 -
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APPENDIX B: Wells in northern Grand Forks and eastern Walsh Counties, as 




Date level level Well 
(ft) dug (initial) in 1939 capacity 
(ft) (ft) 
154-53-8d 100 6 in 1918 -30 -30 -
154-53-lOd 200 2 in 1931 0 0 .33 gpm 
154-53-1 lb 22 4 ft sq 1919 -14 -18 -
154-53-12a 104 2 in 1935 flow flow .5 gpm 
154-53-12d 180 2 in 1918 flow flow 2gpm 
154-53-13b 175 2 in 1926 flow flow 2gpm 
154-53-14c 200 3to5 in 1925 flow flow 2gpm 
154-53-14d 174 3 in 1915 flow flow 1 gpm 
154-53-16a 40 3 ft 1919 -30 -30 -
154-53-17a 220 6 in 1919 -40 -40 -
l54-53-l 7c 225 2 in 1935 -5 -5 -
154-53-18c 24 4 ft sq 1929 -20 -20 -
154-53-20a 212 2 in 1935 flow flow 1gpm 
154-53-22a 176 2 in 1929 0 0 1gpm 
154-53-22b 160 2 in 1918 0 0 1gpm 
154-53-23c 260 2 in 1937 0 0 .5gpm 
154-53-23d 200 2 in 1939 flow flow 1gpm 
154-53-24b 147 2 in 1933 flow flow 1gpm 
l54-53-24d 185 2 in 1930 flow flow 1 gpm 
154-53-27c 201 2 in 1937 fl.ow flow 1 gpm 
154-53-28b 200 6 in 1900 flow flow I gpm 
154-53-28c 220 3 in 1921 flow flow .Sgpm 
154-53-30c 260 4in 1935 -- -- -
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APPENDIX B: Wells in northern Grand Forks and eastern Walsh Counties, as 




Date level level Well 
(ft) dug (initial) in 1939 capacity 
(ft) (ft) 
154-53-3 la 45 4 ft sq 1900 -35 -35 -
154-53-32a 210 6 in 1913 0 -10 l bbl 
154-53-33a 205 5 in 1913 0 0 l gal 
154-53-34d 212 2 in 1928 flow flow 5gpm 
154-53-35b 210 2in 1934 flow flow 1 gpm 
154-54-2b - - - -18 -16 10 bbls 
154-54-3a 23 9 in 1938 -12 -7 10 bbls 
154-54-3b 16 - 1919 -14 -13 -
154-54-4d 20 1.25 in 1900 -18 -18 10 bbls 
154-54-4d 20 3.5 in 1905 -18 -18 10 bbls 
154-54-5b 12 3.5 in 1938 -8 -8 20 bbls 
154-54-5d 20 3 ft 1926 -18 -18 -
154-54-7a 12 3 ft 1924 -9.5 -10 25 bbls 
154-54-8b 30 4 ft 1923 -18 -19 20 bbls 
154-54-8c 20 4ft 1929 -4 -- .5 bbl 
154-54-lOd 303 3 in 1937 -36 -36 100 bbls 
154-54-13a 25 4ft 1919 -8 -8 20 bbls 
154-54-14a - 3 ft 1933 -9 -9 10 bbls 
154-54-14a 11 3 ft 1927 -9 -9 10 bbls 
154-54-14b 250 4in 1926 -10 -8 100 bbls 
154-54-lSb 45 3 ft 1922 -42 - -
154-54-15b 30 3 ft 1920 -26 -- -
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APPENDIX 8: Wells in northern Grand Forks and eastern Walsh Counties, as 





Date level level Well 
(ft) dug (initial) in 1939 capacity 
(ft} (ft} 
154-54-15d 330 3in 1918 -28 -28 100 bbls 
154-54-16c 365 3 in 1927 -40 -65 50 bbls 
154-54-16c 24 4ft 1926 -16 - -
154-54-16c 60 6 ft - -59 dry -
154-54-17d 36 5 ft 1885 -26 -34 10 bbls 
154-54-17d 37 l ftxl6 in 1915 -IO -IO 2 bbls 
154-54-17d 35 2 ft 1889 -25 -33 5 bbls 
154-54-18d 30 2 ft 1910 -25 -27 10 bbls 
154-54-18d 42 4ft 1905 -15 -20 50 bbls 
154-54-20c 330 3 in 1920 -65 -65 100 bbls 
154-54-22c 360 3to2 in 1937 -40 -40 50 bbls 
154-54-23b 18 4ft 1939 -15 -17 2 bbls 
154-54-24a 30 3 ft 1917 -30 dry -
154-54-24b 300 4 in 1929 -3 -IO 30 bbls 
154-54-24d 150 6in 1907 -12 -11 30 bbls 
154-54-27b 331 3 in 1934 -40 -40 100 bbls 
154-54-28a 368 5to3 in 1918 -30 -40 -
154-54-29d - 4ft - -8 -IO -
154-54-29d so 5 ft 1920 -42 -46 -
154-54-30d 36 3 ft 1933 -33 -34 -
154-54-3la 650 5to3 in 1905 -90 -85 50 bbls 
154-54-3lb 35 3 ft 1930 -33 -34 10 gal 
154-54-3 lb 8 5 ft 1933 -5 -5 -
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APPENDIX B: Wells in northern Grand Forks and eastern Walsh Counties, as 




Date level level Well 
(ft) dug (initial) in 1939 capacity 
(ft) (ft) 
154-54-3 lb 16 6to5 ft 1936 -10 -10 -
154-54-33b 48 36to24 in 1903 -33 -39 1 bbl 
154-54-33b 365 3to2 in 1903 -50 -70 50 bbls 
154-54-33d 35 - 1884 -15 -15 10 bbls 
154-54-33d 334 - 1914 -65 -65 100 bbls 
154-54-34a 27 3 ft 1889 -24 dry -
154-54-34b 350 3 in 1918 -40 -40 -
154-54-35b 284 3 in 1938 -27.5 -30 25 bbls 
154-54-3Sb 21 4ft 1888 -14 -20 1 bbl 
154-54-35d 286 2 in 1901 -22 -24 SO bbls 
154-54-36b 272 3 in 1917 -18 -18 -
154-55-ld 22 4ft 1924 -20 -20 -
154-55-3c 16 3.5 ft 1900 -14 -14 -
154-55-4b 45 5 ft sq 1908 -43 -44 -
154-55-5b 18 16 in 1912 -16 -16 -
154-55-5c 17 1.5 in 1918 - - -
154-55-6a 9 4ft 1910 -6 -6 -
154-55-6d 12 - 1916 -9 -9 -
154-55-6d 12 4ft 1916 -9 -9 -
154-SS-8c 32 4ft 1934 -29 -30 -
154-55-8d 13.5 2.5 ft 1920 -11.5 -12.5 -
154-55-lOb 16 - 1908 -13 -14 -
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APPENDIX 8: Wells in northern Grand Forks and eastern Walsh Counties, as 




Date level level Well 
(ft) dug (initial) in 1939 capacity 
(ft) (ft) 
154-55-10 14 4ft 1905 -11 -11 -
154-55-12a 18 6 ft 1909 -16.5 -16.5 -
154-55-12c 60 2 ft 1929 -58 -58 -
154-55-15c 26 4ft 1903 -24 -25 -
154-55-17d 43 6 ft 1937 -40 -40 -
154-55-18b 30 3.5 ft 1929 -28 -29 -
154-55-19b 25 3.5 ft 1890 -22 -21 -
154-55-20a 40 3.5 ft 1900 -35 -33 -
154-55-20c 16 4ft 1912 -12 -15 -
154-55-21b 42 4.5 ft 1924 -39 -41 -
154-55-22a 42 4ft 1909 -40 -40 -
154-55-23b 40 4ft 1916 -36 -38 -
154-55-24a 12 6 ft 1931 -9 -IO -
154-55-26d 30 5 ft 1909 -27 -27 -
154-55-30a 28 4ft 1919 -25 -26 -
154-55-30b 25 3.5 ft 1901 -23 -21 -
154-55-30c 20 18 in 1927 -18 -19 -
154-55-30c 12 - 1939 -10 -20 -
154-55-30c 18 3.5 ft 1933 -16 -17 -
154-55-31b 21 3.5 ft 1898 -18 -19 -
154-55-32b 14 2 in 1898 -12 -12 -
154-55-32b 14 2 in 1904 -12 -12 -
154-55-32b 11.5 7 in 1937 -6.5 -6.5 -
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APPENDIX 8: Wells in northern Grand Forks and eastern Walsh Counties, as 




Date level level Well 
(ft) dug (initial) in 1939 capacity 
(ft) (ft) 
l54-55-32d 14 16 in 1938 -12 -12 -
155-52-la 147 2 in 1938 0.5 0.5 10 gals 
155-52-ld 10 9 in - -8 -8 -
155-52-2c 12 4 ft sq 1938 -8 -8 -
155-52-2d 115 2 in 1934 2 2 -
155-52-3c 100 2 in 1935 2 2 -
155-52-5b 16 4 ft sq 1938 -14 -14 -
155-52-6b 189 2 in - 10 10 -
155-52-7b 220 2 in 1935 2 2 -
155-52-7c 240 2 in 1934 20 20 -
155-52-lOd 137 2 in 1938 2 2 -
155-52-12a 22 4 ft sq 1934 -20 -20 -
155-52-12c 116 2 in 1936 -3 - -
155-52-14a 110 2 in 1931 2 - -
155-52-14b 16 4 ft sq 1938 - -15 -
155-52-14c 12 3 ft sq 1938 -11.5 -7 -
155-52-14d 22 4 ft sq 1935 -19 -19 -
155-52-15d 14 4 ft sq 1937 -13 dry 3 pails/d 
155-52-19c 146 2 in 1933 -2 -2 1gpm 
155-52-20d 184 2 in 1936 flow -- -
155-52-22d 100 2 in 1931 -3 -3 -
155-52-23d 138 2 in 1934 1.5 -- 5gpm 
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APPENDIX 8: Wells in northern Grand Forks and eastern Walsh Counties, as 




Date level level Well 
(ft) dug (initial) in 1939 capacity 
(ft) (ft) 
155-52-24b 22 4 ft sq 1938 -17 dry -
155-52-25b 160 2 in 1938 2 2 -
155-52-25c 194 2 in 1938 2 2 -
155-52-25d 20 18 in 1937 -16 -10 -
155-52-26a 20 3 ft sq 1937 -19.5 -19.5 -
155-52-26d 20 3 ft 1938 -17 -17 -
155-52-26d 145 2 in 1936 -2 -2 -
155-52-28b 26 4 ft sq 1935 -22 -22 -
155-52-29b 168 2 in 1936 2 -
155-52-3 lc 16 3.5 ft 1936 -6 -8 -
155-52-3 lc 185 2 in 1935 2 2 -
155-52-33b 182 2 in 1936 0 0 -
155-52-35d 142 2 in 1934 2 2 -
155-53-la 14 2x3 ft 1890 - -9 5 bbls 
155-53-la 16 - 1909 - -12 -
155-53-lb 200 2 in 1909 - -- -
1SS-53-3b 142 2 in 1918 - - -
155-53-3b 200 2 in 1909 - - -
1SS-53-4a 228 - 1929 - -- -
155-53-Sa 200 2 in 1934 - - -
155-53-7a 200 1.5 in 1900 - - -
155-53-Sb 160 3 in 1905 - -- -
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APPENDIX B: Wells in northern Grand Forks and eastern Walsh Counties, as 




Date level level Well 
(ft) dug (initial) in 1939 capacity 
(ft) (ft) 
155-53-9a 170 2 in 1936 - -- -
155-53-9b 180 1.25 in 1900 - - -
155-53-lOa 220 2 in 1892 - - -
155-53-1 lc 22 3 ft 1936 -20 -16 6 bbls 
155-53-1 ld 160 2 in 1937 - - -
155-53-12b 176 2 in 1936 - - 2.5 gpm 
155-53-12b 22 3 ft 1924 -19 -19 1 bbl 
155-53-12c 16 - 1917 -10 dry -
155-53-13b 20 4 ft sq 1919 -14 -14 5 bbls 
155-53-14b 21 2.5 ft 1919 -18 -19 -
155-53-15a 17 4 ft sq 1938 -15 -15 3 bbls 
I55-53-l 7a 209 2 in 1923 -- - -
155-53-17c 14 - 1930 -12 -12 2 bbls 
155-53-18c 206 2 in 1900 - - -
155-53-21a 12 2.5 ft 1909 -7 -10 2 bbls 
155-53-21a 14 4 ft sq 1934 -13 -13 4 bbls 
155-53-22b - - 1909 - -11 -
155-53-22d 15 4ft 1937 -13 -13 5 bbls 
155-53-23b 20 4 ft sq 1935 -14 -14 5 bbls 
155-53-23c 26 4 ft sq 1909 -11 -22 4 bbls 
155-53-25c 24 - - - -14 7 bbls 
155-53-25d 176 2 in 1938 -- - -
155-53-26b 14 3 ft sq 1909 -8 -12 2 bbls 
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APPENDIX B: Wells in northern Grand Forks and eastern Walsh Counties, as 




Date level level Well 
(ft) dug (initial) in 1939 capacity 
(ft) (ft) 
155-53-27b 16 4 ft sq 1909 -12 -12 -
155-53-28a 16 4 ft sq 1919 -8 -13 5 bbls 
155-53-28c 12 6ft 1934 -2.5 -2 -
155-53-29a 14 4 ft sq 1936 -9 -9 6 bbls 
155-53-29a 11 4ft 1914 -4 -3 -
155-53-29b 14 - 1880 -11 -12 3 bbls 
155-53-29c 13 4 ft sq 1938 -12 -12 1 bbl 
155-53-29d 14 - 1935 -11 -11 3 bbls 
155-53-30a 8 4ft 1908 - -5 2 bbls 
155-53-31 16 3.5 ft 1900 -14 -14 -
155-53-33b 12 -- 1920 -8 -9 4 bbls 
155-53-33d 12 - 1913 -8 -6 20 bbls 
155-53-34a 18 4 ft sq 1909 -12 -16 2 bbls 
155-53-34b 12 3 ft sq 1900 - -10 1 bbl 
155-53-35a 20 4 ft sq 1909 -12 -18 -
155-53-35c 20 5 ft sq 1909 -14 dry -
155-53-35d 125 2 in 1909 - -- -
155-53-36b 20 4 ft sq 1918 -12 -18 4 bbls 
155-53-36d 200 2 in 1925 - - -
155-54-la 200 2 in 1935 flow - -
155-54-1 - -- 1933 -- - -
155-54-2a 240 2 in 1918 -2.5 -2.5 -
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APPENDIX B: Wells in northern Grand Forks and eastern Walsh Counties, as 




Date level level Well 
(ft) dug (initial) in 1939 capacity 
(ft) (ft) 
l55-54-4a - 2 in - -26 - -
155-54-5d - 2 in 1892 -60 -60 -
155-54-8b 328 2 in 1900 -36 -36 -
155-54-lOd - 3to2 in 1929 -12 -12 -
155-54-1 la - 2 in 1918 -5 -5 -
155-54-12a 260 2 in 1934 flow - -
155-54-12d 175 2 in 1939 -5 -5 -
155-54-I3a 200 2 in - -1.5 -1.5 -
155-54-14a 250 2 in 1921 -9 -15 -
l55-54-16a - 3to2 in 1925 -33 -33 -
155-54-16b - 3to2 in 1921 -40 -40 -
155-54-18b 283 6 in 1914 -40 -40 -
155-55-la 400 5 to 2 in 1900 -370 -370 -
155-55-lb 250 - - -211 -211 -
155-55-lc 320 4 in 1886 - -- -
155-55-2b 28 - 1910 - - -
155-55-3b 15 4ft 1936 -13 -13 -
155-55-3b 10 4ft 1920 -8 -8 -
155-55-5c 14 - 1914 -12 dry -
155-55-6d 12 4ft - -4 dry -
155-55-7c 40 24in 1928 -69 -69 -
155-55-8a 16 4ft 1936 -12 -12 -
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APPENDIX B: Wells in northern Grand Forks and eastern Walsh Counties, as 




Date level level Well 
(ft) dug (initial) in 1939 capacity 
(ft) (ft) 
155-55-8c 16 4ft 1919 -13.5 -13 -
155-55-8c 12 4ft 1925 -4 -8 -
155-55-8d 18 4ft 1915 -14 -14 -
155-55-9c 150 6 in - - - -
155-55-llb 14 4ft 1900 -9 -9 -
155-55-12d 36 3 ft 1913 -18 - -
155-55-13b 28 4ft - -15 -18 -
155-55-13c 425 - 1918 -320 -320 -
155-55-15a 13 4ft 1938 -3 -10 -
155-55-15b 444 2in 1927 -100 -100 -
155-55-15d 20 4 to 3.5 ft 1935 -15 -15 -
155-55-17 12 4ft 1887 -8 -8 -
155-55-18c 55 3 ft 1914 -52 -52 -
155-55-20 40 - 1936 -38 -38 -
155-55-20c 27 3 ft 1910 -23 -23 -
155-55-21a 11 - 1920 -1.5 -1.5 -
155-55-2ld 12 4ft 1936 -8 -4 -
155-55-25 22 4ft 1919 -10 -20 -
155-55-25c 25 - 1928 -5 -21 -
155-55-25 12 - 1922 -10 -10 -
155-55-26 14 4ft - - - -
155-55-27c 20 32 in 1938 -10 -18 -
155-55-28a 30 4ft 1905 -20 -25 -
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APPENDIX B: Wells in northern Grand Forks and eastern Walsh Counties, as 




Date level level Well 
(ft) dug (initial) in 1939 capacity 
(ft) (ft) 
155-55-28d 42 4ft 1902 -36 -31 -
155-55-30c 30 4ft 1919 -4 -26 -
155-55-31 5 4ft 1935 -1 -1 -
155-55-3 ld 6 2 ft 1919 -4 -4 -
155-55-32c 10 1.5 ft - -9 -9 -
155-55-33 40 4ft 1925 -36 -36 -
155-55-33c 14 4 ft 1900 -10 -10 -
155-55-34d 15 4 ft sq 1930 -6 -4 15 hd? 
155-55-36d 10 3 ft - -6 -7 -
156-51-4b 200 - 1916 - - 1 g/8 min 
156-51-5d 145 2 in 1939 - -12 1 g/30 min 
156-51-6a 110 2 in 1919 -2 - l g/20 min 
156-51-6 138 2 in 1937 -6 -6 -
156-51-6d 125 2in 1938 -- -8 lg/5 min 
156-51-7 144 2in 1923 - - 8 bbls 
156-51-8b 137 2in 1916 - -6 30 gal 
156-51-8c 90 2 in 1893 - dry -
156-51-15 146 2 in - - flow -
156-51-16c 127 2 in 1936 - - 4gpm 
156-51-16d 130 2 in 1914 - -4 -
156-51-18b 127 2 in 1928 - - 1 gpb 
156-51-18c 130 2 in 1920 - - l g/8 min 
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APPENDIX 8: Wells in northern Grand Forks and eastern Walsh Counties, as 




Date level level Well 
(ft) dug (initial) in 1939 capacity 
(ft) (ft) 
156-51-19a 149 2 in 1914 - -10 -
156-51-19b 137 2 in 1931 - - -
156-51-19b 145 2 in 1929 - dry -
156-51-l 9c 140 2 in 1888 - -- 1 g/30 min 
156-51-19d 140 2 in 1935 - -3 .75 gpm 
156-51-19d 273 2 in 1936 - - -
156-51-20b 140 2in 1914 - -9 -
156-51-20c 128 2in 1892 - -8 -
156-5 l-2la 120 2 in 1915 - -9 30 gal 
156-51-2lb 160 2 in 1935 - - -
156-51-2lc 265 2 in 1891 - - 200 gal 
156-51-22d 260 2 in 1939 flow flow 60gpm 
156-51-23d 150 2in 1920 - - 1 g/2 min 
156-51-25c 150 2 in 1919 -- -- 5 gal 
156-51-25c 139 2 in 1933 - -- 2 gal 
156-51-27a 140 2in 1916 - - 30 gal 
156-51-27d 260 2in 1895 - - 1 g/2 min 
156-51-28a 285 - 1917 - - 1 g/4 min 
156-51-28b 145 2 in 1924 -7 - 1 g/3 min 
l56-51-28c 165 2 in 1916 - - .Sgpm 
156-51-28d 283 2 in 1937 - - 1 g/6 min 
156-51-29a 143 2in 1914 - -6 -
156-5I-29d 146 2in 1887 - - -
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APPENDIX B: Wells in northern Grand Forks and eastern Walsh Counties, as 




Date level level Well 
(ft) dug (initial) in 1939 capacity 
(ft) (ft) 
156-51-29 110 2 in 1908 - - -
156-51-30a 130 2 in 1914 - - l g/15 min 
156-51-30d 148 2 in 1928 - - 1 g/20 min 
156-51-3 lc 150 2 in 1912 - - 1 g/10 min 
156-51-3 lc 150 2 in 1920 - - l g/30 min 
156-51-32b 170 2 in 1914 -12 -- I g/50 min 
156-51-32c 240 2 in 1910 - - 1 g/30 min 
156-51-32c 140 2 in 1914 - - 1 g/4 min 
156-51-32 137 2 in 1916 - - l g/10 min 
156-51-32d 230 2 in 1912 - dry -
156-5l-33a 268 2 in 1928 - - l gpm 
156-51-34 265 2 in 1914 - - -
156-51-36b 160 2 in 1918 - -- 3gpm 
156-52-3a 14 18 in 1937 -12 -8 2 bbls 
156-52-14b 156 2 in 1938 -156 -156 -
l56-52-l5b 17 3.5 ft sq 1939 -16 -15 .5 bbl 
156-52-l6c 15 4 ft sq 1935 -13 -13 -
156-52-17d 16 3 ft sq 1938 -13 -13 3 bbls 
156-52-19a - - 1938 -212 -- -
156-52-23b 22 36 in 1935 -14 -22 .5 bbl 
156-52-23c 138 4 in 1935 -14 -16 50 bbls 
156-52-23c 16 18 in 1935 -9 -9 10 bbls 
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APPENDIX 8: WeUs in northern Grand Forks and eastern Walsh Counties, as 




Date level level Well 
(ft) dug (initial) in 1939 capacity 
(ft) (ft) 
156-52-24a 18 4 ft sq 1938 -13 -15 5 bbls 
156-52-25b 21 5 ft 1933 -16 -15 -
156-52-30c 16 3 ft 1918 -8 0 -
156-52-3 lb 17 5 ft 1918 -11 dry -
156-52-3 lb 14 3 ft 1828 -11 -11 -
156-52-3 lb 24 4ft 1918 -16 -18 30 hd st 
156-52-3 lc 70 4ft 1902 -10 -15 -
156-52-34c 13 8 in 1936 -12 -8 -
156-53-9 208 2 in 1934 - - -
I56-53-22d 227 2 in 1937 - - 4gpm 
156-54-lc 232 2 in 1919 flow - -
156-54-2b 278 2 in 1933 0 0 -
156-54-2d - - 1900 flow - -
156-54-3b 294 2 in 1930 -5 -8 -
156-54-3c 296 2 in 1931 -6 -8 -
156-544a 312 - 1935 -10 -12 -
156-544c 327 2 in 1937 -15 -15 -
156-54-5b 30 4ft -- - - -
156-54-5d - - 1916 -27 -30 -
156-54-6b 335 4in 1915 -35 -40 -
156-54-6c 250 2 in 1918 -30 -30 -
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APPENDIX B: Wells in northern Grand Forks and eastern Walsh Counties, as 




Date level level Well 
(ft) dug (initial) in 1939 capacity 
(ft) (ft) 
156-54-6d 328 3to2 in 1919 -17 -17 -
156-54-8b - - 1912 -25 -30 -
156-54-9a 330 2 in 1915 -9 -12 -
156-54-9c 350 3to2 in 1918 -17 -20 -
156-54-9d 28 3x4 ft 1934 -20 -16 -
156-54-IOa 316 2 in 1896 flow -4 -
156-54-IOd 296 2 in 1916 -2 -6 -
156-54-1 la 248 2 in 1919 flow - -
156-54-11 295 2 in 1913 0 -2 -
156-54-12a 254 2in 1900 flow - -
156-54-12c 40 18 in - - -35 -
156-54-Ba 72 16 in 1912 -IS -40 -
156-54-15a 40 16 in 1915 -9 -12 -
156-54-15b 303 3to2 in 1919 -13 -13 -
156-54-15c 260 4to2 in 1918 -13 -19 -
156-54-15d 269 2 in 1932 -4 -6 -
156-54-17a 300 3to2 in 1895 -15 -18 -
156-54-17b 272 6 in 1911 -36 -36 -
156-54-17c 22 22 in 1915 -12 -16 -
156-54-17c 285 5 in 1919 -17 -20 -
156-54-18a 330 6 in 1916 -30 -30 -
156-54-18c 375 3to2 in 1918 -22 -45 -
156-54-lSd 14 4ft - - -12 -
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APPENDIX B: Wells in northern Grand Forks and eastern Walsh Counties, as 




Date level level Well 
(ft) dug (initial) in 1939 capacity 
(ft) (ft) 
156-54-19a 288 Sin 1917 -40 -40 -
156-54-19b 369 3to2 in 1918 -40 -SO -
156-54-19d 270 Sto2 in 1912 -60 -80 -
156-54-20b 296 Sin 1912 -30 -38 -
156-54-2la 17 4to3 in 1880 - -13 -
156-54-2lb 330 3to2 in 1916 -14 -16 -
156-54-2lb 313 3to2 in 1936 -16 -18 -
156-54-22a 230 2 in - -2 -4 -
156-54-22d 265 2 in 1918 -10 -12 -
156-54-23b 30 4ft&20 in 1919 -- -24 -
156-54-23d 280 2 in 1922 0 -3 -
156-54-24a 230 2 in 1928 flow - -
156-54-24c 280 2 in 1909 flow - -
156-54-25a 217 2 in 1915 flow - -
156-54-26a 278 2 in 1922 -1 -2 -
156-54-26b 300 2 in 1919 -2 -3 -
156-54-27a 30 22to20 in 1929 -14 -24 -
156-54-27c 315 6 in 1914 -20 -30 -
156-54-27 300 2 in 1920 - -14 -
156-54-28a 360 2 in - -25 -30 -
156-54-28b 317 6to2.5 in 1919 -17 -21 -
156-54-28d 284 3to2 in 1920 -18 -30 -
156-54-29a 341 3to2 in 1923 -32 -40 -
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APPENDIX B: Wells in northern Grand Forks and eastern Walsh Counties, as 




Date level level Well 
(ft) dug (initial) in 1939 capacity 
(ft) (ft) 
156-54-30b 280 6 in 1915 -17 -60 -
156-54-30c 467 2.5 in 1933 -60 -70 -
156-54-30c 14 3 ft 1910 -10 -13 -
156-54-3 la 332 3to2 in 1936 -40 -60 -
156-54-31d 14 4ft 1908 - -10 -
156-54-31d 14 - 1936 -10 -12 -
156-54-32a 291 2 in 1896 -26 -36 -
156-54-32b 48 3.5 ft 1914 -40 -40 -
156-54-32c 345 4to2.5 in 1919 -45 -45 -
156-54-33a 245 6 in 1913 -10 -20 -
l56-54-33b 315 2tol.75 in 1916 -18 -25 -
156-54-33c 25 16 in - - -22 -
I56-54-34b 300 5 in 1912 -8 -12 -
156-54-34d 300 3to2 in 1919 -8 -10 -
156-54-35b 244 2in 1914 -3 -3 -
156-54-35d 240 2 in 1922 -2 -2 -
156-54-36c 222 2 in 1927 -2 -4 -
156-55-6c 10 2.5x3 ft 1930 -4 -4 80 bbls 
156-55-Sa 20 4 ft sq 1934 -10 -10 15 bbls 
156-55-Sa 16 4 ft sq 1932 -9 -9 7 bbls 
156-55-Sc 23 4 ft sq 1931 -20 -21 2 bbls 
156-55-9b 8 1.5 ft 1939 -6 -6 2 bbls 
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APPENDIX B: Wells in northern Grand Forks and eastern Walsh Counties, as 




Date level level Well 
(ft) dug (initial) in 1939 capacity 
(ft) (ft) 
156-55-9b 8 32in 1931 -6 -7 15 bbls 
156-55-IOa 14 4 ft sq 1936 -IO -10 8 bbls 
156-55-12d 472 3to2 in 1938 -140 -140 -
l56-55-l7d 12 4 ft sq 1937 -IO -8 2 bbls 
156-55-18a 16 3 ft sq 1936 -11 -12 20 bbls 
156-55-18d 7 4 ft sq 1937 0 -5 50 bbls 
l56-55-2lc 13 4ft 1900 -6 -8 4 bbls 
156-55-21c 16 -- 1937 -10 -12 5 bbls 
156-55-2lc 9 2 ft 1910 -8 -8 15 bbls 
156-55-2lc 16 4to5 ft sq 1937 -12 -13 4 bbls/d 
156-55-2lc 12 3 ft sq 1916 -7 -10 30 gal 
156-55-2lc 22 6 ft sq 1938 -12 -14 20 bbl/d 
156-55-2lc 7 3 ft sq 1926 -6 -6 -
156-55-2lc 16 5 ft sq 1902 -8 -12 6 bbls 
156-55-2 lc 15 4 ft sq 1906 -7 -13 3 bbls 
156-55-21c 11 3 ft sq 1920 -10 -IO 20 gal 
156-55-2lc IO 4 ft sq 1932 -7 -8 2 bbls 
156-55-2lc 11 4 ft sq 1909 -7 -9 1 bbl 
156-55-2lc 15 4 ft sq 1912 -1 -II I bbl 
156-55-2lc 16 5 ft sq 1900 -7 -12 8 bbls 
l56-55-2lc 12 3 ft sq 1905 -7 -II 2 bbls 
l56-55-2lc 7 2 ft 1915 -5 -6 10 bbls 
156-55-21c 15 4 ft sq 1934 -13 -13 -
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APPENDIX 8: Wells in northern Grand Forks and eastern Walsh Counties, as 




Date level level Well 
(ft) dug (initial) in 1939 capacity 
(ft) (ft) 
l56-55-2lc 16 3 ft 1919 -12 -12 5 bbls 
156-55-2Ic 18 4 ft sq 1931 -14 -15 l bbl 
l56-55-2lc 20 4 ft sq 1936 -17 -20 -
l56-55-2ld 18 3.5 ft sq 1937 -16 -15 3 bbls 
156-55-22d 16 4 ft sq 1934 -12 -14 1 bbl 
156-55-22d 14 4 ft sq 1936 -12 -13 1 bbl 
156-55-26c 30 4.5 ft sq 1934 -30 -30 -
156-55-28b 12 2 ft sq 1931 -10 -10 15 bbls 
156-55-29b 14 3.5 ft sq 1937 -9 -9 10 bbls 
156-55-3 ld 10 4 ft sq 1937 0 -7 5 bbls 
157-50-7 16 20 in 1939 -10 -15 -
157-50-7 18 4 ft sq 1938 -14 dry -
157-50-18 37 32 in 1939 -20 -20 -
157-51-lc 280 -- 1936 - - -
157-51-ld 18 4 ft sq 1937 -12 -13 -
157-51-12d 18 -- 1918 -8 -14 -
157-51-19 16 4 ft sq 1937 -12 -15.5 -
157-51-2ld 14 5 ft sq 1937 -13 -13.5 -
157-51-22 14 4 ft sq 1936 -8 -1 -
157-51-30 207 - 1935 -- -- -
157-51-36 15 4 ft sq 1937 -12 -14 -
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APPENDIX B: Wells in northern Grand Forks and eastern Walsh Counties. as 




Date level level Well 
(ft) dug (initial) in 1939 capacity 
(ft) (ft) 
157-52-ld 154 2 in 1938 - flow 70 bbls/hr 
157-52-6b 218 2 in 1938 - flow 100 bbl/hr 
I57-52-9a 240 2 in 1936 - flow 50 bbls/hr 
157-53-la - - - - - -
157-53-ld - 2 in 1900 - - 4 bbls/hr 
157-53-4a 65 2 in - - - -
157-53-4b 240 2 in 1937 - - -
157-53-4c 160 -- 1922 - - -
157-53-5c 180 2 in 1902 - - -
157-53-5d 165 - 1914 - - -
157-53-6a - - -- - - -
157-53-6b 182 2in 1924 - -- -
157-53-6c 170 2in 1924 -- -- .5 gpm 
157-53-6d 167 2 in 1933 - - -
157-53-7c 196 2in 1937 -- - -
157-53-9a 150 2 in 1937 - - -
157-53-lOa - 2 in 1919 - -- -
157-53-lOa 167 2 in 1892 - - -
157-53-lOb 155 - 1921 - - -
157-53-lOc 205 - 1919 -- - -
157-53-lOc 147 2 in 1922 - - -
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APPENDIX B: Wells in northern Grand Forks and eastern Walsh Counties, as 




Date level level Well 
(ft) dug (initial) in 1939 capacity 
(ft) (ft) 
157-53-1 lb 138 - 1922 - - -
157-53-l lb 220 2 in 1935 - - -
157-53-1 ld 198 - 1909 - - 30 bbls/hr 
157-53-Bc 220 2 in 1939 - - -
157-53-14a 200 - 1922 - - -
157-53-14c 163 2 in 1916 - - -
157-53-15b 157 2 in 1938 - - -
157-53-l5c 147 2 in 1921 - - 40gpm 
157-53-16c 200 2 in 1921 - - -
157-53-16c 180 - 1915 - - -
157-53-16d 160 - 1934 - - -
157-53-l 7b 185 2 in 1919 -- - -
157-53-l 7d 180 - - - -- -
157-53-18b 100 - - -- - -
157-53-18c 200 - 1917 -- -- -
157-53-18d 200 2 in 1916 - - -
157-53-19a 218 2 in 1927 - - -
157-53-19c 22 - 1926 - -- -
157-53-20a 160 - 1928 - -- -
157-53-2Id 165 2 in 1938 - -- -
157-53-22c 165 2 in 1914 - - -
157-53-22d 160 - 1919 - -- -
157-53-23a 265 2 in 1937 - - -
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APPENDIX B: Wells in northern Grand Forks and eastern Walsh Counties, as 




Date level level Well 
(ft) dug (initial) in 1939 capacity 
(ft) (ft) 
157-53-23b 166 2 in 1934 - - -
157-53-23c 200 2 in 1900 - - -
157-53-25d 190 2 in 1895 - - -
157-53-27b 210 2in 1909 - - -
157-53-27c 222 2in 1924 - - -
157-53-28a 168 2 in 1929 - - -
157-53-28b 146 2 in 1913 - - -
157-53-28c 165 - 1925 - - -
157-53-28d 220 - 1925 - - -
157-53-29a 160 2 in 1919 - - -
157-53-29d 170 - 1925 - - -
157-53-30c 263 2 in 1918 - -- -
157-53-3 ld 240 2 in 1918 - -- -
157-53-32a 200 - 1903 - -- -
157-53-32b 180 2 in 1912 - -- -
l57-53-33d 265 - - - - -
157-53-34a 220 - 1900 - -- -
157-53-34b 320 - 1918 - -- -
157-53-34c 218 -- 1909 - - -
157-53-34d - - 1909 - - -
157-53-35c 220 - - - - -
157-53-36b 310 2 in 1909 - - -
157-53-36c 240 2 in 1909 - - -
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APPENDIX B: Wells in northern Grand Forks and eastern Walsh Counties, as 




Date level level Well 
(ft) dug (initial) in 1939 capacity 
(ft) (ft) 
157-53-36d 230 2 in 1921 - -- -
157-54-3 20 - 1900 -10 -14 -
157-54-6d 257 2 in 1934 -17 -20 -
157-54-6d 24 4ft 1927 -10 -15 -
157-54-7a 13 4ft 1919 -11 -11 -
157-54-9c 10 - 1904 -2 -8 -
157-54-lOa 234 2 in 1935 -3 -3 -
157-54-lOd 18 4ft sq&8 in 1929 -14 -14 -
157-54-12a 15 3x4 ft 1935 -10 -10 -
157-54-12d 14 3x4 ft 1932 -8 -11 -
157-54-12d 15 4 ft sq 1929 -7 -7 -
157-54-13b 287 2 in 1935 4 4 -
157-54-13b 212 2 in 1938 2.5 2.5 -
157-54-14a 15 3 ft sq 1931 -12 -12 -
157-54-14b 20 3 ft sq 1911 -12 -18 -
157-54-14b 21 12 in 1928 -18 -18 -
157-54-14b 20 2.5x3.5 ft 1929 -18 -18 -
157-54-lSb 14 6in 1938 -12 -12 -
157-54-15b 18 -- 1934 -12 -10 -
157-54-16a 19 2x3 ft 1918 -12 -12 -
157-54-16a 16 12 in 1910 -12 -12 -
157-54-16a 12 3.5 ft sq 1934 -10 -10 -
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APPENDIX B: Wells in northern Grand Forks and eastern Walsh Counties, as 




Date level level Well 
(ft) dug (initial) in 1939 capacity 
(ft) (ft) 
157-54-16 14 3.5 ft sq 1919 -10 -12 -
157-54-16b 12 8 in 1938 -10 -10 -
157-54-16c 16 4ft 1934 -14 -14 -
157-54-16d 16 4to3 ft sq 1900 -8 -8 -
157-54-16d 16 3.5 ft sq 1934 -11.5 -14 -
157-54-17c 12 3.5 ft 1936 -9.5 -9.5 -
157-54-17c 18 4ft 1935 -14 -12 -
157-54-18a 18 4ft 1916 -10 -13 -
157-54-18a 16 4ft 1916 -10 -14 -
157-54-18b 20 4ft 1919 -16 -1.5 -
157-54-18b 350 2 in 1937 -50 -50 -
157-54-18b 23 4 ft sq 1936 -21.5 -21.5 -
157-54-18c 12 4ft 1919 -6 -10 -
157-54-18d 14 4 ft sq 1930 -10 -10 -
157-54-20c 7 4ft 1920 -5 -5 -
157-54-2la 10 3.5 ft 1936 -6 -6 -
157-54-2la 10 3.5 ft 1930 -7 -8 -
157-54-2lb 28 4x6 ft 1912 -24 -27 -
157-54-2lb 10 4ft 1935 -7 -7 -
157-54-2lc 24 12 in 1939 -20 -20 -
157-54-2ld 26 12 in 1938 -21 -23 -
157-54-21d 30 4 ft sq 1938 -28 -28 -
157-54-22a 18 12 in 1932 -15 -15 -
: 
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APPENDIX B: Wells in northern Grand Forks and eastern Walsh Counties, as 




Date level level Well 
(ft) dug (initial) in 1939 capacity 
(ft) (ft) 
l57-54-22d 20 8 in 1937 -17 -17 -
157-54-26c 265 2 in 1931 -10 -10 -
157-54-27a 18 4 ft sq 1919 -10 -3 -
157-54-30d 24 2 ft 1900 - -20 -
157-54-3 ld 25 3.5 ft 1905 -15 -24 -
l57-54-33b 28 4 ft sq 1886 -20 -24 -
157-54-34a 22 3x4 ft 1921 -17 -21 -
157-54-34d 17 8 in 1929 -9 -13 -
157-54-34d 13 2.5x3 ft 1937 -7 -7 -
157-54-35c 18 3.5 ft sq 1921 -12 -11 -
157-54-36a 268 2 in 1930 8 8 -
157-55-la 290 3 in 1913 -37 -47 -
157-55-l - 3to2 in 1918 -28 -30 -
157-55-1 20 4ft 1900 -15 -20 -
157-55-lc 28 4ft - -12 -25 -
157-55-4c 29 4ft 1920 -26 -28 -
157-55-6b 25 4ft 1900 -12 -15 -
157-55-8a 36 4ft 1932 -33 -33 -
157-55-lOa 25 4ft 1900 -24 -25 -
157-55-lOa 18 4ft 1900 -14 -17 -
157-55-11 36 4ft -- -15 -34 -
157-55-13 25 4ft - -20 -- -
157-55-14d 22 4ft 1912 -20 -21.5 .5 bbl 
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APPENDIX 8: Wells in northern Grand Forks and eastern Walsh Counties, as 





Date level level Well 
(ft) dug (initial) in 1939 capacity 
(ft) (ft) 
157-55-16d 15 4ft 1900 -10 -14 1 bbl 
157-55-16 23 3x4 ft 1930 -18 -21.5 -
157-55-17 20 4ft - -15 -20 -
157-55-18 14 4 ft sq 1898 -10 -12 4 bbls 
157-55-19 28 4ft 1934 -22 -26 -
157-55-19 10 4ft 1935 -4 -4 -
157-55-2la 21 4ft 1908 -15 -20 -
157-55-22a 24 - 1889 -18 -22 -
157-55-22a 25 2.5 ft 1934 -25 -24 20 gal 
157-55-23b 30 4ft 1915 -19 -30 -
157-55-23c 18 3.5 ft 1884 -12 -17 2 bbls 
157-55-23 26 4ft - -20 -26 -
157-55-26a 12 3.5 ft 1934 -10 -11.5 -
157-55-27d 35 4ft -- -30 -35 -
157-55-28b 375 -- - -180 - -
157-55-28b 20 -- - -4 -3 -
157-55-28b pond - - - - -
157-55-28b 20 4ft 1900 -10 -18 -
157-55-28b 16 4ft 1930 -14 -16 2 bbls 
157-55-28b city - -- - -- -
157-55-28b 32 4ft 1898 -20 -30 -
157-55-3 lb 23 4ft 1939 -20 -23 -
157-55-3 ld 31 30to28in 1898 -14 -28 -
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APPENDIX B: Wells in northern Grand Forks and eastern Walsh Counties, as 




Date level level Well 
(ft) dug (initial) in 1939 capacity 
(ft) (ft) 
157-55-32b 40 3.5 ft 1894 -18 -37 -
157-55-33c 480 4in 1934 -120 -140 -
157-55-33d 18 4ft 1907 -11 -17.5 -
157-55-34a 20 4ft 1900 -16 -18 2 bbls 
157-55-34b 30 4ft 1900 -27 -30 -
157-55-35c 17 4ft 1920 -10 -17 -
157-55-36a 13 3.5 ft 1937 -3 -3 -
157-55-36c 22 4ft 1900 -20 -22 -
158-51-4c 16 4 ft sq - - -8 4 bbls 
158-51-4d 16 4 ft sq 1916 -10 -8 4 bbls 
158-51-6c 16 16 in 1913 -8 -8 1 bbl 
158-51-7a 16 16 in 1930 -8 -8 I bbl 
158-51-8a 16 4 ft sq 1918 -4 -10 3 bbls 
158-51-8a 20 4 ft sq 1904 -16 -14 4 bbls 
158-51-8a 16 4 ft sq 1936 -12 -8 4 bbls 
158-51-8b 16 4 ft sq - -- -9 3 bbls 
158-51-8c 16 4 ft sq 1932 -12 -10 6 bbls 
158-51-Sc 16 4 ft sq - - -10 5 bbls 
158-51-lOc 14 4 ft sq - - -8 4 bbls 
158-51-lOc 16 4ft 1935 -12 -8 4 bbls 
158-51-12d 18 4 ft sq 1934 -14 -10 4 bbls 
158-5 l-12d 20 4 ft sq 1927 -14 -12 4 bbls 
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APPENDIX B: Wells in northern Grand Forks and eastern Walsh Counties, as 
inventoried by Simpson in 1939 (unpublished data) (Continued) 
Water Water 
Location 
Depth Diameter Date 
level level Well 
(ft) dug (initial) in 1939 capacity 
(ft) (ft) 
158-Sl-13a 20 3.5 ft sq 1932 -7 -8 2 bbls 
158-51-Bc 20 4 ft sq 1932 -17 -15 2 bbls 
158-51-14b 14 4 ft sq 1937 -10 -8 3 bbls 
158-Sl-16b 16 5 ft 1924 -8 -8 6 bbls 
158-51-16b 16 4 ft sq 1934 -12 -2 4 bbls 
158-51-l 7a 16 4 ft sq - - -10 4 bbls 
158-51-l 7a 16 4 ft sq 1930 -10 -8 6 bbls 
158-51-1 To 16 6 ft sq 1934 -12 -10 5 bbls 
158-51-19a 16 4 ft sq - -8 - 5 bbls 
158-51-19a 16 4 ft sq 1935 -12 -6 6 bbls 
158-51-l 9b 14 4 ft sq - - -6 4 bbls 
158-51-20b 18 4 ft sq - -- -14 4 bbls 
158-51-20b 18 5 ft sq -- -14 -12 6 bbls 
158-51-20b 18 4 ft sq - - -14 4 bbls 
158-51-20d 16 4 ft sq 1920 -12 -8 6 bbls 
158-51-20d 16 4 ft sq - - -10 5 bbls 
158-51-20d 16 6 ft sq 1931 -11 -8 5 bbls 
158-51-22a 16 4 ft sq 1928 -- -10 3 bbls 
158-51-22d 16 4 ft sq 1918 -10 -6 4bbls 
158-51-23c 20 3 ft sq 1934 -18 -18 -
158-51-23c 17 3 ft sq - -16 -15 -
158-51-24a 16 4 ft sq 1933 -12 -14 1 bbl 
158-51-25b 22 4 ft sq 1920 -16 -6 3 bbls 
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APPENDIX 8: Wells in northern Grand Forks and eastern Walsh Counties, as 




Date level level Well 
(ft) dug (initial) in 1939 capacity 
(ft) (ft) 
158-51-25b 20 4 ft sq 1936 -17 -3 3 bbls 
158-51-25b 12 3 ft - - -6 2 bbls 
l58-51-26b 15 4 ft sq 1936 -13 -14 1 bbl 
158-5 l-26b 14 4 ft sq 1933 -6 -8 3 bbls 
l58-5 l-26c 16 3.5 ft sq 1929 -13 -6 3 bbls 
158-5 l-26c 16 10 in 1932 -14 -9 1 bbl 
158-51-26c 16 3.5 ft sq 1927 -13 -10 8 bbls 
158-51-28b 160 2 in 1936 flow flow 15 bbls 
158-5 l-29c 10 3.5 ft sq 1932 -7 -6 2 bbls 
158-51-29c 150 2in 1935 - - 5 bbls 
158-51-29c 12 20 in 1934 -8 -6 2 bbls 
158-51-32b 12 4 ft sq 1928 -8 -6 2 bbls 
158-5 l-32d 165 2 in 1934 flow flow 12 bbls 
158-51-32d 14 4 ft sq -- - -10 3 bbls 
158-51-33c 290 2 in 1937 flow flow 10 bbls 
158-51-33c 12 4 ft sq - - -8 2 bbls 
158-5 l-33c 198 2 in 1936 flow flow 12 bbls 
158-51-34a 16 4 ft sq 1920 -12 -8 4 bbls 
158-51-34a 16 18 in 1933 -10 -7 2 bbls 
158-51-34d 16 4 ft sq 1924 -12 -10 6 bbls 
158-51-35a 12 4 ft sq - - -4 4 bbls 
158-51-35a 16 4 ft sq 1934 -10 -4 2 bbls 
158-5 l-35a 20 4 ft sq 1938 -18 -4 3 bbls 
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APPENDIX B: Wells in northern Grand Forks and eastern Walsh Counties, as 




Date level level Well 
(ft) dug (initial) in 1939 capacity 
(ft) (ft) 
158-51-35d 15 4 ft sq 1923 -IO -9 4 bbls 
158-52-lb 14 pond-dug 1929 - - -
158-52-lc 16 pond-dug 1929 - - -
l58-52-2a 12 pond-dug 1939 - - -
l58-52-4c IO pond-dug 1930 - - -
158-52-5a 14 4ft 1929 -22 -8 4 bbls/d 
158-52-5a 14 pond-dug 1930 - -- -
l58-52-5b 127 2 in 1919 -8 plugged 5 bbls/d 
158-52-5b 10 pond-dug 1929 - - -
158-52-5d 12 pond-dug 1928 - -- -
158-52-6b 80 2in 1919 -2 -- 20 bbls/d 
158-52-To 16 pond-dug 1928 - -- -
158-52-8c 12 pond-dug 1929 -- - -
158-52-8d 7 pond-dug 1932 - -- -
l58-52-9c 10 pond-dug 1909 - -- -
158-52-9d 12 pond-dug 1934 - - -
158-52-lOb 14 pond-dug 1928 - - -
158-52-lOc 10 pond-dug 1939 - -- -
l58-52-l2c 12 pond-dug 1925 - - -
158-52-12d 14 12 in 1935 -8 -3 30 gpd 
158-52-12d 16 pond-dug 1939 - -- -
l58-52-13b 15 pond-dug 1939 - - -
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APPENDIX B: Wells in northern Grand Forks and eastern Walsh Counties, as 




Date level level Well 
(ft) dug (initial) in 1939 capacity 
(ft) (ft) 
l58-52-l3c 10 pond-dug 1910 - -- -
158-52-14c 12 pond-dug 1933 - - -
l58-52-l5c 12 pond-dug 1933 - - -
158-52-l6c 185 2 in 1914 -9 - 50 bbls/d 
158-52-l6c 14 pond-dug 1938 - - -
l58-52-l 7a 7 pond-dug 1898 -- - -
158-52-17 16 4ft 1928 -12 -10 l bbl 
158-52-17 14 pond-dug 1938 -1.5 - -
l58-52-l 7d 181 2 in 1890 4 -- 100 bbls/d 
l58-52-18a 164 2 in 1937 - 0 3 bbls/d 
158-52-18a 14 12 in 1931 -9 -9 20 gal 
158-52-l 9d 210 2 in - - flow 30gpm 
l58-52-20b 230 2 in 1930 2 -1 150 bbls 
158-52-20c 200 2 in 1938 2 -- 2 bbls/d 
l58-52-20d 194 2 in 1912 4 4 14 bbls/d 
158-52-2ld 173 2 in 1918 -14 -- -
158-52-2ld 10 pond-dug 1938 - - -
l58-52-22b 14 pond-dug 1938 - - -
l58-52-22c 200 2 in 1910 2 - 10 bbls/d 
158-52-23a 10 pond-dug 1929 - - -
158-52-24d 12 pond-dug 1931 -- - -
l58-52-25a 12 pond-dug 1932 - -- -
158-52-25c 100 3 in 1925 8 - 20 bbls/hr 
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Date level level Well 
(ft) dug (initial) in 1939 capacity 
(ft) (ft} 
158-52-25d 12 pond-dug 1931 - - -
158-52-26d 125 2 in 1932 flow flow 10 bbls/br 
158-52-28c 200 2 in 1922 -3 -3 2 bbls/d 
158-52-29b 200 2 in 1900 5 5 30 bbls/br 
158-52-29d 200 2in 1910 5 - 2 bbls/d 
158-52-30c 220 2 in 1937 5 5 30 bbls/br 
158-52-30d 247 2 in 1937 6 6 30 bbls/br 
158-52-3 lb 215 2 in 1937 10 10 50 bbls/br 
158-52-3 lc 215 2 in 1929 5 5 50 bbls/br 
158-52-34c 240 2in 1920 5 - -
158-52-34<1 200 2 in 1924 2 - 25 bbls 
158-52-35a 140 2in 1936 -10 -15 6 bbls 
158-52-35a 230 2 in 1931 0 0 40 bbls 
158-52-35c 14 pond-dug 1928 -- -- -
158-52-36b 125 2 in 1924 flow flow 15 bbls 
158-53-3a 23 10 in 1938 -19 -20 -
158-53-3a 35 4 ft sq 1920 -- -27 -
158-53-3d 16 l ft 1936 -9 -10 -
158-53-5c 20 l ft 1934 -12 -12 -
158-53-7d 280 2in 1933 - -- -
158-53-7d 20 4ft 1930 -12 -12 -
158-53-8d 24 12 in 1934 -12 -14 3 gpd 
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Date level level Well 
(ft) dug (initial) in 1939 capacity 
(ft) (ft) 
158-53-9d 16 10 in 1939 -8 -8 -
158-53-12c 210 2 in 1937 - - -
158-53-13c 14 12 in 1930 -8 -8 -
158-53-14a 22 10 in 1934 -12 -12 -
158-53-14d 300 2 in 1937 flow - -
158-53-15c 180 2 in 1935 flow - -
158-53-15c 15 10 in 1934 -12 -15 -
158-53-16d 16 10 in 1938 -12 -12 -
158-53-16d 187 2 in 1931 - - -
158-53-19 190 2 in 1932 flow -- -
158-53-20a 165 2 in 1934 -- -- -
158-53-20b 200 2 in 1936 - - -
158-53-20b 20 14in -- -12 -12 -
158-53-22c 173 2 in 1935 flow - -
158-53-25c 192 2 in 1937 flow -- -
158-53-28 131 2 in 1935 - -- -
158-53-34a 210 2in 1937 flow -- -
158-53-35a 180 2 in 1930 -- -- -
158-54-lb 40 24in 1930 -10 -9 10 bbls/d 
158-54-2c 24 24in 1935 -29 -29 10-25 gpd 
158-54-3d 12 4 ft sq 1934 -5 -8 IS bbls/d 
158-54-3d 14 3 ft sq 1931 -9 -9 5 bbls/d 
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APPENDIX 8: Wells in northern Grand Forks and eastern Walsh Counties, as 
inventoried by Simpson in 1939 (unpublished data) (Continued) 
Water Water 
Depth Diameter 
Date level level Well 
Location (ft) dug (initial) in 1939 capacity 
(ft) (ft) 
158-54-3d 18 3 ft sq 1928 -3 -4 -
158-54-Sb 24 4 ft sq 1925 -16 -20 3-4 bbls 
158-54-7c 19 18 in 1937 -17 -18 10 gal 
158-54-8d 100 24tol6 in 1910 -10 -26 2 bbls 
158-54-lOa 243 2 in 1934 -1 -1 -
158-54-lOa 22 4 ft sq 1937 -20 -20 2 bbls/d 
158-54-lOb 325 2 in 1934 0 0 -
158-54-1 lb 235 2 in 1937 -6 -6 -
158-54-1 ld 165 2 in 1935 flow flow -
158-54-12c 45 4ft&l8 in 1930 -20 -30 6 bbls/d 
158-54-12c 20 3x4 ft 1931 -17 -15 60gpd 
I58-54-13a 186 2 in 1934 12 6 25 bbls 
158-54-I3b 236 2in 1937 flow flow 2 bbls/hr 
158-54-l 7a 16 3.5 ft sq 1905 -6 -8 -
158-54-18d 15 4 ft sq 1927 -12 -14.5 1 bbl/d 
158-54-lSd 15 4 ft sq 1935 -12 -15 -
158-54-18d 23 16 in 1934 -19 -19 25 gal 
I58-54-18d 100 24tol2 in 1934 -16 -16 6 bbls 
158-54-20a 18 4 ft sq -- -6 -10 5 bbls/d 
158-54-23d 200 2 in 1931 8 8 -
158-54-24c 15 12 in 1935 -12 -12 2 pails 
158-54-35a 25 10 in 1936 -8 -6 30gpd 
158-54-36b 22 10 in 1935 -8 -6 30gpd 
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Date level level Well 
(ft) dug (initial) in 1939 capacity 
(ft) (ft) 
158-54-36c 27 IO in 1935 -10 -8 -
158-55-lb 82 24in 1937 -18 -18 -
158-55-5b 16 3 ft 1900 - -12 -
158-55-6c - 30to20 in 1937 -25 -25 -
158-55-12c 21 2 ft 1938 -16 -16 -
l58-55-13c 284 4 to2 in 1919 -20 -20 -
158-55-16a 16 3 ft 1888 -8 -12 -
l58-55-l 7d 16 26 in 1899 -12 -14 -
158-55-23c 39 24to 18 in 1937 -25 -25 -
158-55-23d 41 24tol8 in 1936 -20 -20 -
158-55-27a 28 3.5 ft 1935 -22 -24 -
158-55-27d 39 24tol2 in 1932 -27 -23 -
l58-55-28d 28 24in 1919 -20 -25 -
158-55-29a 12 3 ft 1909 -5 -10 -
158-55-29c 14 6 ft 1938 -5 -5 -
158-55-33d 14 3 ft 1899 -10 -IO -
APPENDIX C. Core descriptions from the three study sites. 




0-0.76 > 4.5 pocket penetrometer, no fractures, much vegetation, all 0.27 
disturbed except bonom 0.003 m top - l OYR 3/1, bonom 
lOYR6/3 
Sample - 162-1-1-A - section 0.08-0.13 m 
Sample - 162-1-2-A - section 0.22-0.27 m 
1.52 0-0.22 m - brown mottled clay, hard 0.46 
0.22-0.46 m - broken up silts and clays, dark brown, highly 
silty and carboniferous, appears to be till 
Sample - 162-1-3-A - section 0-0.05 m 
Sample - 162-1-4-A - section 0.18-0.22 m 
Sample - 162-1-5-A - from bag 
2.29 > 4.5 pocket penetrometer, horizontal fractures, mottled, till, 0.64 
some sand pockets in upper 0.10 m 
Sample - 162-1-6-A - 0-0.10 m 
Sample - 162-1-7-A - 0.38-0.43 m 
3.05 3.75 (top) to 3.0 (bottom) pocket penetrometer, highly frac- 0.70 
tured till (?), horizontal fractures with much caliche, possibly 
a few pebbles, no structures, horizontal roots throughout core 
0-0.38 m - mottled light and dark brown 
0.38-0.70 m - less mottled, more silty 
0.064-0.069 m - varved silts, light brown clays 
Sample - 162-1-8-A - section 0.25-0.30 m 
Sample - 162-1-9-A - section 0.53-0.57 m 
Sample - 162-1-10-S - section 0.64-0.69 m 
3.81 2.25 pocket penetrometer, brown clay with gray silt lenses, no 0.53 
mottling, fractures along silt lenses, horizontal fractures in 
clay filled with light brown caliche, ftuvial silts, much bed-
ding, looks like deltaic deposits, varved, layered 
Sample - 162-1-11-A- section 0-0.06 m 
Sample- 162-1-12-A-section 0.46-0.51 m 
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Depth (meters) Description 
Core length 
(meters) 
5.33 lost core and redrilled 0.66 
2.75 (top) to 2.0 (bonom) pocket penetrometer, clay with 
some silt, slightly damp, entire core is layered/varved 
top 0.05 m - highly varved 
top 0.08 m - silty clay 
rest - unoxidized lake clays typical for rest of core, some 
white caliche and roots near bonom (shallow water?) 
Sample- 162-1-13-A - section 0-0.05 m 
Sample - 162-1-14-S - section 0.61-0.66 m 
6.40 lost core and redrilled, core is twisted 0.64 
2.25 (top) to 1.50 (bottom) pocket penetrometer, dark lake 
clay, some spots of white secondary minerals, large amounts 
of roots in top 0.10 m, no layering, some pockets of caliche, 
mostly pure clay 
Sample - 162-1-15-A - section 0-0.05 m 
Sample - 162-1-16-A - section 0.58-0.64 m 
7.16 1.25 pocket penetrometer, all clay, no noticeable features, 0.48 
some pockets of silt/caliche - probably disintegrated lime-
stone pebbles (1-1.5 mm) 
Sample - 162-1-17-A - section 0.42-0.48 m 
7.92 1.25 pocket penetrometer, same clay, some tiny limestone 0.60 
blebs throughout (pebbles or fossils -appear to be pebbles, but 
can't detect under microscope) 
8.69 1.25 pocket penetrometer, same as above 0.41 
Sample - 162-1-18-A - section 0.36-0.41 m 
9.45 1.0 pocket penetrometer, soft and wet on bonom, same clay, 0.57 
abundant tiny pebbles 
10.21 1.0 pocket penetrometer, pure clay, no clasts, not silty 0.50 
Sample- 162-1-19-A -section 0.11-0.16 m 
10.97 1.0 pocket penetrometer, same as above 0.48 
11.73 wet on bottom, same as above 0.43 
12.50 1.0 pocket penetrometer, same as above 0.65 
Sample - 162-1-20-A - section 0.56-0.61 m, very soft 
13.26 1.0 pocket penetrometer, same as above 0.50 
14.02 same as above 0.64 
14.78 1.0 pocket penetrometer, a little wetter, same as above 0.47 
Sample - 162-1-21-A -section 0.42-0.47 m 
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Depth (meters) Description 
Core length 
(meters) 
15.54 slightly twisted, same as above 0.32 
16.31 1.0 pocket penetrometer, same as above 0.52 
17.07 1.0 pocket penetrometer, sticky and slightly damp, same as 0.59 
above 
17.83 1.0 pocket penetrometer, same as above 0.53 
18.59 same as above 0.51 
Sample-162-1-22-A-section0.46-0.51 m 
19.35 same as above 0.55 
20.12 same as above 0.50 
20.88 drill broken 0.32 
same as above 
20.88 0.75 pocket penetrometer, same as above 0.62 
21.64 1.0 pocket penetrometer, same as above 0.28 
22.40 1.0 pocket penetrometer, same as above 0.57 
Sample- 162-1-23-A - section 0.51-0.57 m 
23.16 1.25 pocket penetrometer, same as above 0.51 
23.93 1.0 pocket penetrometer, same as above 0.55 
24.38 1.25 pocket penetrometer, same as above, bottom 0.05 m is 0.39 
highly contorted layers of silts and clays, looks like deltaic 
deposits, very silty. layers start at 0.15 m and become silt at 
0.33 m 
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0-0.20 Soil - 2/0 2.5 YR, leached, no pebbles, all disturbed, black, 0.20 
rich soil, mainly organic, no reaction with HO 
Sample - 162-2-1-S - section 0.08-0.13 m, many roots, no 
apparent fractures, clay rich 
0.91 same as above 0.14 
1.68 same as above, very plastic, all leached clay, no pebbles, 0.24 
black soil, some silt and sand. gradational transition from 
dark soil on top to brown clay at bottom occurring between 
0.15 and 0.20 m, brown clay reacts with HO, overlying black 
does not 
Sample - 162-2-2-S - section 0.18-0.24 m, splitting core verti-
cally - core becomes sandy/silty at contact (0.23 m) with 
larger pieces of CaC03, some Fei03 staining on fracture 
traces beginning at 0.23 m 
2.59 I OYR 6/3 Brown, slightly leached, 2.0 pocket penetrometer, 0.41 
some mottling, iron oxidation 
0-0.20 m- sandy clay with much Fe203 on fractures, some 
larger pebbles, most fractures are horizontal or at angles > 30 
degrees 
0.20-0.33 m- soft clayey till, no fractures or F~03, color is 
same, but no other features are 
0.33 m- silt lens with some pebbles, appears bleached and dry 
0.33-0.41 m-silty clay with many horiwntal fractures marked 
by Fe20 3, not certain if fractures or silt lenses, appears to be 
granular along fractures (secondary?) 
Sample - 162-2-3-S - section 0.08-0.13 m 
Sample - 162-2-4-S - section 0.25-0.30 m 
Sample - 162-2-5-S - section 0.33-0.41 m 
3.35 l OYR 6/3 top to 1 OYR 6/4 bottom, mottled (buff and rust) 0.43 
lacustrine, very plastic, bottom leached, grades downward 
from dry to moist, possibly some pebbles, appears to be 
almost entirely clay, horiwntal fractures, rust seems to occur 
in pockets of sand and silt 
Sample - 162-2-6-S - section 0-0.05 
Sample - 162-2-7-S - section 0.15-0.20 m 
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Depth (meters) Description 
Core length 
(meters) 
4.11 l OYR 6/3, black shards with the appearance of carbon near 0.66 
the bottom, brown clay, very plastic, 
top 0.24 m- l.5 to 1.75 pocket penetrometer, other- 1.0 to 
1.25 pocket penetrometer, occasional horizontal fractures or 
silt lenses with rust, core grades at bottom 058 to 0.66 m to 
darker clay, following core is also darker. core is mottled, but 
seems main! y to be due to water flow along fractures and sand 
lenses, color (rust) intensity is greatest along horizontal trace 
of silt and grades outward (up and down) 
Sample - 162-2-8-S - section 0.17-0.22 m 
Sample - 162-2-9-S - section 0.25-0.30 m, calcite crystals 
along fracture (reaction to HCl) 
4.88 1.25 (top) to 2.0 (bottom) pocket penetrometer, whole core 0.66 
reacts, wet 
0-0.30 m- mostly clay with some larger silt lenses, mottled 
with rust oxidation along horizontal fractures 
0.30-0.66 m- most places look like varves, thin lenses of 
mainly silt and some clay intennixed between 0.43 and 0.48 
m., nice cross-bedding, all features look depositional, large silt 
lens at 0.60 to 0.61 m which is bounded top and bottom by 
black (carbon) stain, core is layered and silty (deltaic?) 
Sample - 162-2-10-S -cuttings from 0-0.30 m 
Sample - 162-2-11-S - cuttings from 0.30-0.56 m 
5.64 1.0 (top) to 2.25 (bottom) pocket penetrometer, very wet at 0.66 
top, abrupt change to dry and dark at 0.48 m, same lithology 
throughout, core remains layered and silty to the bottom, then 
becomes a relatively homogeneous clay with a few large silt 
pockets 
0-0.46 m- silts and cross-beds, some clays, deltaic deposits 
0.46-0.57 m- massive clay, small silt lenses 
0.57-0.66 m- silty clay and silt lenses, some cross-bedding 
Sample - 162-2-12-S - section 0-0.l Im 
Sample - 162-2-13-S -section 0.11-0.30 m 
Sample - 162-2-14-S - section 0.46-0.56 m 
6.71 1.5 pocket penetrometer, wet at bottom 0.46 
0-0.28 m- massive clay, silty, no structures 
0.28-0J7 m- silt lenses with some cross-bedding, structures 
similar to core above 
0.37-0.46 m- massive clay 
Sample - 162-2-15-S - section 0-0.20 m 
Sample - 162-2-16-S - section 0.28-0.37 m 
7.16 all wet, dark, losing core to water, massive clay, slightly silty 0.15 
Sample - 162-2-17-S - all of core and 0.08 m of core above 
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Depth (meters) Description 
Core length 
(meters) 
7.92 5YR 3/1, 2.25 pocket penetrometer, dry plastic clay, no silt or 0.39 
pebbles, no mottling, dark brown massive clay, no structures 
Sample - 162-2-18-S - section 0.24-0.39 m 
8.69 0.75 pocket penetrometer, same as above, very plastic, dry to 0.64 
moist, looks and feels like potter's clay 
9.45 1.00 pocket penetrometer, same as above 0.66 
10.21 0.75 pocket penetrometer, same as above 0.65 
10.97 1.0 pocket penetrometer, same as above 0.64 
11.73 1.25 pocket penetrometer, all clay, same as above 0.66 
12.50 0.05 m discarded - dry, rocks and pebbles, also present on out- 0.64 
side of core 
same as above 
Sample - 162-2-19-S - section 0-0.15 m 
13.26 same as above 0.50 
14.02 1.25 pocket penetrometer, same as above 0.64 
14.78 1.0 pocket penetrometer, same as above, wetter 0.66 
15.54 1.5 to 1.25 pocket penetrometer, same as above, wetter, chips 0.65 
16.31 same as above, core dry to slightly moist, very plastic 0.44 
17.07 1.25 pocket penetrometer, same as above, cuttings getting 0.60 
much wetter, extractor is probably compacting clay somewhat 
Sample - 162-2-20-S - section 0-0.15 m 
17.83 1.25 pocket penetrometer, same as above, cuttings getting wet 0.65 
enough to scoop instead of pick off by hand from flights 
18.59 1.25 pocket penetrometer, same as above 0.64 
19.35 same as above 0.66 
20.11 1.25 pocket penetrometer, same as above 0.67 
20.88 same as above, hit water 0.61 
Sample - 162-2-21-S -section 0-0.15 m 
21.64 1.25 pocket penetrometer, same as above 0.63 
22.40 1.25 pocket penetrometer, same as above 0.54 
23.16 same as above 0.54 
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Depth (meters) Description 
Core length 
(meters) 
23.93 1.25 pocket penetrometer, same as above 0.58 
24.69 same as above 0.65 
25.45 1.00 pocket penetrometer. same as above, water during run - 0.60 
drilling bogged down 
Sample - 162-2-22-S - section 0-0.15 m 
26.21 1.25 pocket penetrometer, same as above 0.55 
26.97 1.25 pocket penetrometer, same as above, pulled off in hole 0.38 
27.73 1.25 pocket penetrometer, same as above, core dry. but some 0.62 
water in the well 
28.50 same as above 0.64 
29.26 drill bogged down - had to reverse out 0.62 
0-0.28 m- same clay 
0.28-0.36 m - structured silt/cross-beds and depositional fea-
tures 
0.36-0.50 m - massive clay 
0.50-0.62 m- layered silts, mostly horizontal 
Sample- 162-2-25-S-section 0-0.15 m 
Sample - 162-2-26-S - section 0.50-0.62 m 
30.02 0-0.05 m - silt, some bedding 0.42 
clay at bottom. large rock at 0.30 m (162-2-A) 
Sample - 162-2-23-S - section 0-0.15 m 
Sample - 162-2-24-S - section 0.25-0.42 m 
30.78 < 0.5 (top) to 4.25 (bottom) pocket penetrometer 0.70 
0-0.33 m - saturated till, abundant well-rounded pebbles (out-
wash?), no structures 
0.33-0.41 m - clay with some pebbles (ice contact feature?), 
no structure, mostly dark clay 
0.41-0.69 m - pebbly till, no structures, hard 
Sample - 162-2-27-S - section 0-0.20 m 
Sample - 162-2-28-S - section 0.33-0.41 m 
Sample - 162-2-29-S - section 0.41-0.56 m 
31.55 5.0 pocket penetrometer. less pebbly, same color, completely 0.37 
dry 
Sample - 162-2-30-S - section 0-0.15 m 
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Depth (meters) Description 
Core length 
(meters) 
32.31 0-0.44 m - silty, pebbly till, same as above., many limestone 0.49 
sand and small pebbles 
0.44-0.49 rn - massive, dry silt, very well sorted, no pebbles, 
some very dry clay, no structures 
Sample - 162-2-31-S - section 0-0.09 rn 
Sample - 162-2-32-S - section 0.18-0.28 rn 
Sample - 162-2-33-S - section 0.34-0.43 m 
Sample - 162-2-34-S - section 0.43-0.49 m 
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0-0.91 all in bag. light brown-gray sand, dry, rock hard at bottom, 0.25 
sand with clay extremely hard, large granite pebbles 
Sample - 162-3-1-S- from bag 
l.68 > 4.5 pocket penetrometer, bleached white and highly mottled 0.66 
(7.5YR 6/4 to 5/6) till, very sandy and pebbly, crystalline 
clasts. no preferred orientation to the many fractures, large 
calcite crystals near bottom 
Sample - 162-3-2-S- section 0.05-0.10 m. till 
Sample - 162-3-3-S - section0.61-0.66 m 
2.13 first part in bag, core is hard. highly fractured and crystalli7.ed 0.66? 
(rust, calcite, and maybe Si02), still bleached gray 
Sample - 162-3-4-S- from bag 
Sample - 162-3-5-S - section 0.15-0.20 m from bottom 
2.59 all in bag. same as above, more brown. less mottled. still frac- 0.43? 
tured. many secondary crystals (calcite?) 
Sample - 162-3-6-S - from bag 
3.05 all in bag, same as above. more mottled again. broken up, 0.64? 
many pebbles. much quartz sand (secondary?), using Crisco 
Sample - 162-3-7-S - from bag 
3.66 all in bag. same as above, rock hard. still highly fractured, no 0.38 
apparent structures, rocks still bending end of Shelby 
Sample - 162-3-8-S - from bag 
4.27 core mostly whole - staned drilling into to remove 0.48 
same as above, many large pebbles 
Sample - 162-3-9-S - section 0.30-0.36 m 
5.03 water at 0.15 m down, layer of large quartz crystals - look 0.33 and many 
secondary. rest - till, bottom - gray chips 
Sample - 162-3-10-S - section 0.10-0.15 m 
Sample - 162-3-11-S - from bag 
5.64 > 4.5 pocket penetrometer, silty till which becomes gray 0.47 
(2.5Y 3/0), fewer pebbles, no fractures, some horizontal white 
layers at and near bottom 
Sample- 162-3-12-S -section 0-0.05 m 
Sample - 162-3-13-S - section 0.41-0.47 m 
5.94 > 4.5 pocket penetrometer, same as above, gray, some peb- 0.18 
bles, significantly fewer pebbles than brown till 
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Depth (meters) Description 
Core length 
(meters) 
6.25 0-0.15 m - gray till as above 0.33 
0.15-015 m -wet. well-sorted sand 
0.25-033 m - gray till 
Sample - 162-3-14-S - section 0.15-0.20 m 
7.01 3.0 pocket penetrometer, gray till, dryer, broken up, many 0.25 
fewer pebbles, fine silt, less clay 
Sample- 162-3-15-S -section 0.14-0.19 m 
7.77 much like above, silty clay till, few pebbles, dry 0.11 
Sample - 162-3-16-S - section 0.06-0.11 m 
8.53 same as above, broken up 0.11 
8.69 split vertically into clay till and fine silt, silt is very dry, silty 0.64 
clay is very hard 
Sample - 162-3-17-S - section 0-0.05 m 
Sample- 162-3-18-S -section 0.10-0.15 m 
Sample - 162-3-19-S - section 0.43-0.48 m 
9.45 0-0.04 m - dry gravel 0.69 
0.04-015 m - clayey till 
0.25-018 m - sand 
0.28-0.43 m - clayey till 
0.43-0.69 m - silt with some clay, dry. some structures (lay-
ers) in silts, look deltaic 
Sample - 162-3-20-S - section 0-0.05 m 
Sample - 162-3-21-S - section 0.15-0.20 m 
Sample - 162-3-22-S - section 0.25-0.30 m 
Sample - 162-3-23-S - section 0.51-0.56 m 
10.21 fluvial silts, dry, broken up, some cross-bedding 0.22 
Sample - 162-3-24-S - center 
10.97 clay till, unsorted, pebbly, no structures 0.72 
Sample - 162-3-25-S - section 0.15-0.20 m 
Sample - 162-3-26-S - section 0.51-0.56 m 
11.73 4.5 (top) to 3.0 (bottom) pocket penetrometer, gray till, very 0.71 
pebbly 
Sample - 162-3-27-S - section 0.15-0.20 m 
12.50 3.25 pocket penetrometer, clay with some large pebbles, till 0.54 
Sample - 162-3-28-S - section 0.25-0.30 m 
1316 0-0.5 l m - 3.5 pocket penetrometer, clay till 0.69 
0.51-0.69 m - 4.5 pocket penetrometer, dry silt with clay, hor-
imntal layers, no obvious cross-bedding 
Sample - 162-3-29-S - section 0.64-0.69 m 
224 
APPENDIX C. Core descriptions &om the three study sites. (Continued) 
Depth (meters) Description 
Core length 
(meters) 
14.02 3.5 (top) to 3.0 (bottom) pocket penetrometer. clay till with 0.66 
silt layers 
14.78 all in bag. all dry fine silt. well sorted 0.71? 
Sample - 162-3-30-S - from bag 
15.54 till with gravel lens. silt bands at 75 degree dip 0.64 
0-0.15 m -clay till 
0.15-0.28 m - wet gravel 
0.28-0.64 m - clay till 
Sample - 162-3-31-S - section 0.20-0.28 m 
Sample - 162-3-32-S - section 0.48-0.53 m 
16.31 0-0.28 m - clay till 0.44 
0.28-0.44 m - gray silt 
Sample 162-3-33-S - section 0.38-0.44 m 
17.07 0-0.06 m - dry quartz silt 0.72 
0.06-0. 72 m - clay 
17.83 0-0.l l m - 3.5 pocket penetrometer. silty clay till 0.47 
0.11-0.4 7 m - 4.5 pocket penetrorneter. dry silt. hard 
Sample - 162-3-34-S - section 0.41-0.47 m 
18.59 0-0.33 m -dry silt, no structures 0.58 
0.33-0.46 m - clay(?) 
0.46-0.58 m - dry silt. no structures 
19.35 0-0.60 m - silty clay 0.69 
0.60-0.69 m - silt. some structures 
Sample - 162-3-35-S - section 0.30-0.36 m 
20.12 0-0.23 m - structured ftuvial silts. dry 0.66 
0.23-0.66 m - clay till with small pebbles 
Sample - 162-3-36-S - section 0.61-0.66 m 
20.88 pebbly clay - 2.75 pocket penetrometer; wet sand pockets at 0.67 
0.38 m and 0.55 m - each 0.03 m thick. not continuous 
through core; large amounts of pebbles -well rounded 
Sample - 162-3-37-S - section 0.41-0.46 m 
21.64 0-0.10 m- 3.5 pocket penetrometer. clay 0.68 
0.10-0.20 m -dry silt. ftuvial structured 
0.20-0.22 m - wet sand 
0.22-0.48 m - 4.0 pocket penetrometer. clay 
0.48-0.60 m - dry silt. ftuvial structured 
0.60-0.68 m - 4.5 pocket penetrometer, clay 
Sample - 162-3-38-S - section 0.18-0.25 m 
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APPENDIX C. Core descriptions from the three study sites. (Continued) 
Depth (meters) Description 
Core length 
(meters) 
22.25 0.05-0.18 m-wet sand 0.23 to 0.25, and 
rest - till, sandy, clayey gray with pebbles chips 
Sample - 162-3-39-S -section 0.05-0.10 m 
Sample - 162-3-40-S - from bag 
22.56 pebbly till, hard, no fractures, silt lens 1/2 way down 0.23 
Sample - 162-3-41-S - section 0.08-0.13 m 
23.01 0-0.36 m - clay with gravel, wet 0.71? 
0.36-0.71 m-wet gravel, broken up 
Sample - 162-3-42-S - bottom gravel 
23.77 all in 2 bags, all wet sand and gravel, under microscope - sand 0.71? 
is well rounded quartz with feldspar, ftuvial, possibly 
reworked beach or river deposits 
Sample - 162-3-43-S - bottom sand 
24.54 0-0.20 m - wet sand 0.69 
0.20-0.64 m - gray clay till 
0.64-0.69 m - same as before, fine silt with ftuvial structures 
Sample - 162-3-44-S - section 0.51-0.56 m. pebbly till 
25.30 0-0.11 m - clayey silt 0.71 
0.11-0.24 m - wet sand 
0.24-0.41 m - clay till 
0.41-0.64 m - silt 
0.64-0.71 m - till 
Sample - 162-3-45-S - section 0.013-0.018 m 
26.06 tube bent, so large rock below 0.33 
0-0.11 m - till 
0.11-0.33 m - fine silt, some pebbles, no structures 
26.82 0-0.18 m - till 0.69? 
0.18-0.22 m - silt 
0.22-0.69 m - clayey gravel, mostly dry 
Sample - 162-3-46-S - gravel from bag 
27.74 all till with a silty area from 0.23 to 0.25 m, some large peb- 0.64 
bles 
Sample - 162-3-47-S - section 0.38-0.43 m 
28.50 same as above, all till with silt lenses at 0.29 m and on bot- 0.70 
tom, few pebbles 
29.11 tube end damaged by rocks 0.61 
till becomes pebbly, large pebbles, 2 rocks take up much of 
core, silt at bottom 0.15 m 
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Depth {meters) Description Core length 
(meters) 
29.87 tube end highly damaged 0.57 
pebbly silty till, mostly dry clay and silt, some big sand and 
gravel pockets, big pebbles, large rock at bottom, some biotite 
flakes in core, some oxidation (rust) on core -weathered?, 
may be an older exposed till overlain by ftuvial silts 
Sample- 162-3-48-S -section 0.10-0.14 m, till 
30.63 0-0.03 m - silt and clay till 0.70 
0.03-0.10 m - poorly sorted wet sand 
0.1 O-OJ2 m - till, darker than above till, rounded pebbles 
0.32-0.65 m - silt and clay till, dry 
0.65-0.70 m -wet sand 
Sample - 162-3-49-S - section 0.05-0.10 m 
Sample - 162-3-50-S - section 0.18-0.23 m 
APPENDIX D: Textural analysis from selected depths in cores from the three sites. 
Site l 
Sample Percent Gravel Percent Sand Percent Silt Percent Clay 
1-1 0 2.7 63.4 34.0 
1-2 0 1.4 48.2 50.4 
1-3 0 2.1 51.4 46.4 
1-4 0 1. 7 53.9 44.4 
1-5 0.8 1.8 52.9 44.5 
1-6 0 1.0 43.0 56.0 
1-7 0.4 1.4 46.9 51.3 
1-8 0 0.7 47.2 52.1 
1-9 0 0.8 50.3 48.9 
1-10 0 1.3 72.1 26.6 
1-11 0 0.5 49.7 49.8 
1-12 0.1 1.4 46.9 51.6 
1-13 0 0.1 38.9 61.0 
1-14 0 0 59.8 40.0 
1-15 0 1.0 22.0 77. 0 
1-16 0 0.2 35.7 64.1 
1-17 0.1 0.2 30.5 69.3 
1-18 0 0.2 35.0 64.8 
1-19 0 0.2 28.9 70.9 
1-20 0 0.3 37.0 63.0 
1-21 0.1 0.4 34.3 65.2 
1-22 0 0.1 33.2 66.7 
1-23 0 0.1 44.1 55.8 
1-24 0 0.7 49.1 50.2 
Site 2 
Sample Percent Gravel Percent Sand Percent Silt Percent Clay 
2-1 0.5 2.0 66.5 31. 0 
2-2 0.3 4.5 60.9 34.4 
2-3 0.3 1.6 62.7 35.5 
2-4 0.1 1.8 59.4 38.6 
2-5 0.1 0.4 41.8 57.7 
2-6 0.1 2.2 66.0 31.8 
2-7 0 2.9 61.8 35.3 
2-8 0.1 4.8 58.6 36.4 
2-9 0.2 1.6 67.5 30.7 
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APPENDIX D: Textural analysis (Continued) 
2-10 0.1 2.0 78.0 20.0 
2-11 0 0.5 75.1 24.2 
2-12 0 0.7 74.7 24.6 
2-13 0.2 1.5 58.3 40.0 
2-14 0.1 2.8 81.8 15.3 
2-15 0 0.2 52.1 47.7 
2-16 0 2.0 55.7 42.3 
2-17 0 0.7 50.9 48.5 
2-18 0 0.2 38.5 61.5 
2-19 1.6 4.8 65.3 28.2 
2-20 0 0.3 34.5 65.2 
2-21 0.1 0.2 39.0 60.8 
2-22 0 0.3 46.6 53.1 
2-23 0.2 0.9 58.0 40.8 
2-24 0.9 6.1 56.7 36.3 
2-25 0 0.3 54.0 45.7 
2-26 0 0.6 66.4 33.0 
2-27 4.9 31. 7 41.2 22.2 
2-28 3.7 17.0 44.5 34.8 
2-29 6.6 30.9 44.7 20.7 
2-30 2.0 17.3 54.2 26.5 
2-31 6.6 22.8 45.1 25.5 
2-32 2.2 15.9 53.5 28.4 
2-33 3.0 17.0 50.3 29.7 
2-34 0 1.0 90.2 8.8 
Site 3 
Sample Percent Gravel Percent Sand Percent Silt Percent Clay 
3-1 3.1 29.0 30.5 37.4 
3-2 7.4 41. 9 28.4 22.4 
3-3 10.6 30.5 36.8 22.1 
3-4 7.7 28.1 42.1 22.0 
3-5 12.1 31.5 36.3 22.1 
3-6 5.0 29.8 44.1 21.1 
3-7 8.9 27.1 42.0 22.0 
3-8 3.7 31.4 45.8 19 .1 
3-9 21.2 25.3 35.8 17.7 
3-10 9.2 30.5 40.6 19. 8 
3-11 7.4 27.0 45.3 20.4 
3-12 15.7 28.1 36.5 19. 7 
3-13 0.4 30.6 38.0 31.0 
3-14 23.7 39.0 26.2 11.2 
3-15 7.7 27.5 44.8 19.9 
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3-16 4.7 30.7 42.2 22.5 
3-17 8.3 39.0 36.1 16.7 
3-18 3.5 31.2 44.2 21.1 
3-19 5.9 29.4 40.7 24.0 
3-20 6.7 27.3 23.0 33.0 
3-21 6.0 29.5 41.2 23.3 
3-22 3.8 34.7 39.8 21.8 
3-23 3.5 26.9 47.3 22.2 
3-24 0 36.9 53.2 9.9 
3-25 3.7 31.5 39.7 25.0 
3-26 5.1 28.5 43.2 23.2 
3-27 15.9 34.0 35.8 14.2 
3-28 4.6 27.8 45.3 22.2 
3-29 2.5 12.6 65.2 19. 8 
3-30 6.6 24.8 55.1 13. 5 
3-31 32.0 46.5 13.8 7.7 
3-32 4.9 26.5 44.3 24.3 
3-33 9.1 48.6 32.3 10.0 
3-34 0.4 9.8 77.5 12.2 
3-35 0 4.5 86.7 8.9 
3-36 2.3 25.3 48.1 24.2 
3-37 13.8 26.7 39.5 20.0 
3-38 7_2 48.1 27.0 17.7 
3-39 14.4 44.3 23.5 17.8 
3-40 7.4 35.5 35.0 22.0 
3-41 6.6 37.7 31.4 24.3 
3-42 19.8 43.6 22.1 14.4 
3-43 6.6 68.5 13. 9 10.9 
3-44 5.9 28.1 32.8 33.2 
3-45 0.8 71. 7 18.5 9.0 
3-46 10.6 32.7 34.8 21.9 
3-47 6.8 27.5 33.1 32.7 
3-48 4.3 27.1 33.9 34.7 
3-49 10.5 64.3 19. 6 5.5 
3-50 11.1 23.4 33.4 32.1 
APPENDIX E: Water levels in wells, in feet below land surface, for days 
since installation 
Site 1 
Days 1-1 1-2 1-3 Days 1-1 1-2 1-3 
20 57.08 42.09 25.00 237 -3.10 4.25 11.82 
25 50.40 40.47 22.70 249 -4.38 4.05 11.42 
34 40.30 34.16 22.26 257 -4.75 3.65 20.87 
39 35.36 31.22 22.16 262 -5.00 3.40 20.27 
46 29.36 27.51 22.00 270 -4.85 3.10 18.82 
so 26.94 25.65 21.94 279 - 5.30 2.75 17.42 
60 18.71 23.56 21.71 287 - 5.30 2.25 16.92 
67 14.59 21.51 291 - 5.30 2.55 15.42 
73 11.41 17.56 21.47 292 17.40 16.80 25.05 
81 7.89 15.64 21.34 294 11.33 10.95 21.07 
88 5.24 14.15 21.17 301 7.08 8.75 20.40 
97 2.30 12.50 312 2.90 6.60 18.52 
103 0.55 11.48 20.83 325 -0.65 4.90 16.92 
104 0.31 11.4 20.81 334 - 2.32 4.05 15.92 
105 74.70 17.80 342 -3.34 3.50 15.16 
123 47.53 12.70 19.06 360 -4.88 2.54 13.82 
129 40.23 11.49 18.38 384 1.80 
139 30.59 9.74 17.26 413 1.19 11.57 
143 27.17 9.14 16.90 433 0.85 11.07 
151. 21.24 8.02 16.24 452 17.65 10.67 
158 16.64 7.38 15.97 473 4.41 13.80 11.28 
165 12.37 6.75 15.24 480 1.54 11.74 11.10 
167 11.13 6.53 15.03 508 6.24 10.56 
174 9.00 6.02 14.60 532 3.79 10.26 
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APPENDIX E: Water levels in wells, in feet below land surface, for days 
since installation (Continued) 
Site 1 (Continued) 
Days 1-1 1-2 1-3 Days 1-1 1-2 1-3 
181 5.85 5.50 14.08 574 1.62 9.82 
189 3.08 5.00 13.68 588 • 5.30 1.10 9.82 
190 17.50 18.65 595 15.73 1.01 9.80 
193 10.67 11.93 13.52 609 4.33 0.81 9.78 
203 4.33 9.17 12.98 634 -4.00 0.75 9.62 
210 3.38 7.86 12.67 634.5 19.00 
216 1.58 6.90 12.42 651 2.43 0.22 9.60 
218 I.II 6.70 12.58 704 -5.30 -0.30 9.22 
223 -0.24 6.03 12.24 770 • 5.30 -0.98 8.08 
224 • 0.55 6.00 12.12 1023 • 5.30 • 2.39 1.56 
229 • 1.50 5.50 12.02 1328 • 5.30 • 1.70 6.87 
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APPENDIX E: Water levels in wells, in feet below land surface, for days since 
installation (Continued) 
Site l 
Days 2-1 2-2 2-3 2-4 2-5 2-6 
28 26.05 45.13 19.64 30.72 7.40 4.40 
33 15.02 42.59 15.74 19.54 5.30 3.98 
42 5.36 38.71 11.48 8.70 4.58 4.25 
47 3.14 36.78 10.17 591 4.64 4.38 
54 1.38 34.32 8.86 3.59 4.79 4.26 
58 0.87 33.00 9.39 2.80 4.84 4.59 
63 0.27 31.5 7.98 2.10 4.84 4.59 
68 -0.01 30.05 7.49 1.68 4.59 2.37 
70 -0.12 29.46 7.18 1.50 3.87 2.24 
75 -0.43 28.14 6.43 0.82 2.90 2.28 
81 -0.44 26.66 5.81 0.65 2.90 2.40 
89 -0.56 24.85 5.24 -0.24 2.64 2.05 
105 0.00 21.71 4.54 0.70 3.07 1.96 
Ill 0.48 3.36 4.14 0.02 2.82 2.80 
131 0.00 4.59 3.98 0.00 3.88 3.60 
137 -0.88 5.00 4.49 -0.44 3.82 3.58 
147 ice 5.81 4.44 ice 3.40 4.19 
159 ice 6.40 4.53 ice 4.43 4.20 
166 ice 4.72 4.51 -0.44 4.21 3.29 
175 ice 3.85 4.19 ice 5.62 3.42 
182 ice 6.47 4.99 ice 4.12 4.00 
189 ice 6.09 4.74 ice 4.44 3.89 
196 ice 2.59 4.38 -0.44 2.41 2.16 
201 ice 1.93 3.93 -0.71 2.48 1.45 
211 ice ice 3.19 0.19 ice ice 
218 ice 1.95 2.84 ice 1.69 1.22 
224 ice ice 2.74 -0.65 1.55 I.OS 
226 ice ice 2.69 -0.80 ice ice 
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installation (Continued) 
Site 2 (Continued) 
Days 2-1 2-2 2-3 2-4 2-5 2-6 
232 ice ice 2.64 ice ice ice 
236 ice ice 2.84 ice ice ice 
238 0.31 ice 2.54 -0.66 2.14 1.58 
246 1.02 1.65 20.44 54.1 3.27 1.52 
257 -0.82 ice 10.64 29.08 2.03 1.68 
265 28.52 ice 7.04 17.50 2.30 2.05 
270 13.52 2.53 5.74 12.80 2.45 2.15 
278 3.98 2.43 4.51 7.70 2.63 1.12 
287 -0.18 2.58 3.84 4.15 3.10 2.20 
291 -0.20 2.77 3.84 3.25 2.75 2.45 
295 -0.94 3.27 3.62 2.38 2.89 2.95 
299 -1.33 2.16 3.61 1.63 3.38 3.12 
300 12.00 3.51 7.55 9.23 13.53 4.16 
302 16.52 2.68 13.74 9.70 8.50 2.40 
307 7.00 3.00 10.46 6.84 3.51 2.80 
309 3.87 3.23 9.34 5.80 2.25 2.85 
320 -1.08 3.68 6.04 2.40 3.50 3.40 
333 -1.48 3.78 4.69 0.55 4.15 4.10 
-
342 -1.54 3.92 4.48 -0.80 4.32 4.18 
350 -1.53 3.93 4.39 -0.80 4.70 4.65 
368 33.22 7.63 4.94 9.80 6.50 5.60 
-
370 21.22 7.36 4.96 7.94 6.01 5.57 
375 6.47 6.91 5.11 4.86 5.86 5.71 
378 2.97 6.73 5.17 3.45 5.78 5.73 
-
391 -0.71 6.13 5.34 0.75 5.81 5.78 
392 -1.33 6.11 4.36 0.67 5.83 5.54 
394 -0.80 6.02 4.38 0.55 5.88 5.60 
398 -0.80 5.90 4.40 0.28 5.95 5.88 
234 
APPENDIX E: Water levels in wells, in feet below land surface, for days since 
installation (Continued) 
Site 2 (Continued) 
Days 2-1 2-2 2-3 2-4 2-5 2-6 
421 -1.37 5.42 5.34 -0.22 6.44 6.03 
440 -1.43 5.13 5.99 -0.30 6.60 6.45 
460 -1.51 4.51 6.14 -0.39 6.73 6.55 
480 ice 4.63 6.34 ice 6.89 6.64 
487 ice 4.54 6.30 ice 6.81 6.66 
515 ice 4.18 6.39 ice 7.09 6.94 
539 ice 9.78 6.40 9.57 9.08 6.90 
581 ice -0.93 6.64 ice 6.15 3.62 
595 4.66 3.37 5.54 ice 2.67 1.76 
602 -1.42 ice 391 -0.42 2.87 ice 
616 -1.13 2.67 3.60 -0.34 3.55 2.16 
641 -1.12 2.65 3.78 -1.00 4.41 4.20 
658 -1.20 3.23 4.12 -1.14 4.35 3.81 
684 -1.15 3.60 4.55 -0.87 4.72 4.60 
707 -2.00 3.02 4.02 -1.40 2.52 1.69 
735 -2.08 3.03 2.49 -1.50 2.30 1.36 
776 -2.08 2.63 2.06 -1.55 2.38 2.25 
1029 -2.08 1.90 2.61 -1.24 3.18 3.09 
1336 -2.08 1.57 1.90 -1.15 1.62 1.47 
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installation (Continued) 
Site 3 
Days 3-1 3-2 3-3 3-4 3-5 3-6 
21 15.33 6.15 39.37 32.09 20.07 41.59 
26 14.35 5.23 34.71 25.94 17.84 34.09 
35 13.07 5.05 27.89 18.84 15.07 25.97 
40 12.67 5.08 24.79 14.40 14.07 22.88 
47 12.18 5.25 21.54 14.00 13.27 19.52 
51 12.01 5.32 19.88 13.03 12.92 17.98 
61 11.35 4.94 16.55 11.33 11.93 15.57 
-
68 11.15 3.93 14.68 10.47 11.22 13.39 
-
74 1095 4.11 13.39 9.88 11.87 14.06 
82 10.66 3.82 11.94 9.30 10.81 12.66 
-
98 10.17 4.47 9.80 8.52 10.32 11.64 
-
106 9.97 4.72 9.07 8.28 10.12 11.35 
-
124 9.63 5.03 8.01 7.96 9.86 10.87 
130 9.47 4.93 7.75 7.86 9.75 10.73 
152 9.14 5.58 8.36 7.61 9.43 10.43 
159 9.03 5.60 8.48 7.58 9.41 10.27 
-
168 8.97 5.69 8.36 7.54 9.24 10.16 
182 8.78 6.63 8.67 7.57 9.18 9.94 
194 8.59 5.71 8.21 7.55 8.98 9.81 
204 8.57 5.46 7.78 7.42 9 9.71 
217 8.49 5.08 7.32 7.25 8.82 9.51 
224 8.46 5.04 7.16 7.16 8.80 9.54 
225 75.00 18.00 
250 8.80 3.58 6.51 7.04 8.70 9.44 
-
258 8.54 3.86 6.32 6.80 8.57 9.37 
271 10.46 4.07 38.18 40.66 14.86 56.72 
273 10.49 4.16 35.72 35.76 28.94 54.72 
280 999 4.63 28.47 24.15 16.67 45.87 
-
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APPENDIX E: Water levels in wells, in feet below land surface, for days since 
installation (Continued) 
Site 3 (Continued) 
Days 3-1 3-2 3-3 3-4 3-5 3-6 
284 9.79 4.18 25.57 20.2 14.87 41.57 
287 9.67 4.47 23.3 17.65 13.89 38.06 
292 9.37 4.84 19.85 14.19 12.62 33.37 
293 16.43 5.30 26.37 27.94 23.07 41.59 
295 10.89 4.73 30.72 24.95 14.87 39.37 
-
300 9.81 4.38 26.41 19.74 12.87 34.90 
313 9.19 5.13 18.37 12.20 11.17 25.72 
326 8.79 5.83 13.77 9.35 10.37 19.97 
335 8.71 6.54 11.75 8.54 10.11 17.24 
343 8.58 7.04 10.55 8.2 9.87 16.01 
361 8.44 7.98 9.65 8.05 9.52 12.97 
-
385 7.84 9.08 8.63 8.09 9.24 11.20 
-
414 8.44 9.68 8.42 8.50 9.24 10.33 
433 8.14 993 8.47 8.65 9.17 10.02 
454 8.37 10.21 8.63 8.80 9.19 10.89 
476 8.48 9.72 9.81 9.69 9.21 11.15 
481 8.50 10.22 9.25 9.26 9.29 10.17 
-
509 10.56 9.05 9.08 9.16 9.76 
533 8.59 10.76 9.20 9.18 8.90 9.62 
515 8.74 8.98 9.41 9.46 9.35 9.59 
-
589 9.14 4.88 10.09 9.72 9.20 9.61 
-
596 9.08 4.72 8.87 8.30 9.15 9.65 
610 8.98 5.98 8.45 7.92 9.13 9.63 
635 9.29 7.06 8.04 7.88 9.07 9.54 
-
652 8.70 7.56 7.97 8.01 8.99 9.42 
678 9.04 7.42 8.18 8.31 9.06 9.53 
701 8.80 3.41 7.86 192 8.96 9.38 
-
72.9 8.39 3.84 6.93 6.73 8.45 9.14 
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APPENDIX E: Water levels in wells, in feet below land surface, for days since 
installation (Continued) 
Site 3 (Continued) 
Days 3-1 3-2 3-3 3-4 3-5 3-6 
770 7.81 5.12 5.77 6.10 8.04 8.55 
962 1.21 5.84 6.02 6.27 7.74 8.26 
1022 7.27 5.84 6.02 6.27 7.74 8.26 
1327 7.48 4.18 5.65 6.60 7.17 8.17 
APPENDIX F. Boron concentrations in ground water and surface water in 
northeastern North Dakota, 1949 to 1995 
05083000 TURTLE RIVER AT MANVEL, N. OAK. (LAT 48 04 43N 











OCT.15, 1971 1800 
SEP.14, 1971 1100 
AUG.27, 1980 14000 
MAR.19, 1981 1000 
AUG.18, 1981 2100 
AUG. 3, 1982 1300 
150-054-04CCD (LAT 47 49 57N LONG 097 34 35W) 
JUL.10, 1973 3200 
152-051-15DDD (LAT 47 58 42N LONG 097 09 12W) 
SEP.20, 1968 2500 
KELLY SLOUGH NR MANVEL, ND (LAT 48 00 20N LONG 
APR. 5, 1980 








MAY 27, 1981 
AUG.18, 1981 
153-055-35BBB (LAT 48 
JUL.10, 1973 
153-051-27CCC (LAT 48 
NOV. 1, 1967 












02 05N LONG 
3100 
02 08N LONG 
3000 
05 39N LONG 
3200 
48 09 08N LONG 
3100 
097 41 06W) 
097 11 21W) 
097 43 31W) 
097 41 06W) 
JUL.10, 1973 
154-055-14CCC (LAT 





48 34 22N LONG 097 10 57W) 
5300 
238 
48 35 40N LONG 097 40 19W) 
3100 
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APPENDIX F. Boron concentrations in ground water and surface water in 
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483750097395101 160-054-31CCC (LAT 48 37 SON LONG 097 39 51W) 
SEP.27, 1969 4200 
OCT. 21, 1980 2900 
483751097372404 160-054-32DDD4 (LAT 48 37 51N LONG 097 37 24W) 
JUL.10, 1969 3000 
484114097392201 160-054-18BAA (LAT 48 41 14N LONG 097 39 22W) 
JUN.16, 1968 4500 
484115097320901 160-054-13AAA (LAT 48 41 15N LONG 097 32 09W) 
JUN.23, 1970 1400 
484202097124201 160-051-09AAD (LAT 48 42 02N LONG 097 12 42W) 
SEP. 25, 1969 1300 
484213097463301 160-055-06DDD (LAT 48 42 13N LONG 097 46 33W) 
MAY 21, 1968 6300 
484306097395101 161-054-32CCC1 (LAT 48 43 06N LONG 097 39 51W) 
SEP. 30, 1969 4600 
484453097105701 161-051-24CCC (LAT 48 44 53N LONG 097 10 57W) 
AUG. 6, 1971 2500 
484505097173901 161-052-24DAD (LAT 48 45 05N LONG 097 17 39W) 
JUN. 4, 1971 6600 
484607097445501 161-055-lSBCDl (LAT 48 46 07N LONG 097 44 SSW) 
OCT.10, 1969 4500 
JUN.24, 1981 5200 
AUG. 4, 1981 5100 
484607097445503 161-055-15BCD3 (LAT 48 46 07N LONG 097 44 SSW) 
SEP.10, 1971 1200 
484813097265401 161-053-02AAA (LAT 48 48 13N LONG 097 26 54W) 
OCT.14, 1969 2700 
484905097162401 162-051-31AAA (LAT 48 49 05N LONG 097 16 24W) 
NOV. 7, 1969 9200 
484956097265401 162-053-26AAA (LAT 48 49 56N LONG 097 26 54W) 
MAY 27, 1971 1100 
485549097490901 163-056-24ADA1 (LAT 48 55 49N LONG 097 49 09W) 
OCT. 31, 1969 4100 
485746097513701 163-056-llBBB (LAT 48 57 46N LONG 097 51 37W) 
OCT.13, 1969 4500 
OCT. 22, 1980 3500 
485932097225601 164-052-29DDD (LAT 48 59 32N LONG 097 22 56W) 
OCT. 7, 1966 5400 
485945097140201 164-051-28DBD1 (LAT 48 59 45N LONG 097 14 02W) 
OCT. 1, 1967 4700 
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490004097542803 164-056-29ADD3 (LAT 48 59 58N LONG 097 54 24W) 
MAY 28, 1971 1000 
05090060 PARK RIVER AT I-29 CROSS NR OAKWOOD,N.D. (LAT 48 27 35N 
LNG 97 11 44W) 
DEC.11, 1991 1300 
481237097184701 155-052-27CDC1 (LAT 48 12 37N LONG 097 18 47W) 
JUL.15, 1968 6100 
481419097572901 155-057-22BAA (LAT 48 14 16N LONG 097 57 29W) 
AUG.18, 1967 4600 
481506097115101 155-051-16ABA (LAT 48 15 04N LONG 097 11 44W) 
AUG. 1, 1968 1400 
481506097350701 155-054-16ABA (LAT 48 15 06N LONG 097 35 07W) 
OCT.14, 1967 4100 
481538097211101 155-052-08BDD1 (LAT 48 15 38N LONG 097 21 llW) 
JUL.25, 1968 4500 
481551097131901 155-051-08ABC (LAT 48 15 SlN LONG 097 13 19W) 
AUG. 1, 1968 1500 
481739097105001 156-051-34BAA (LAT 48 17 39N LONG 097 10 SOW) 
MAY 6, 1969 3000 
481741097362401 156-054-32ABA (LAT 48 17 41N LONG 097 36 24W) 
AUG.15, 1969 3800 
481746097081201 156-051-25CDD (LAT 48 17 44N LONG 097 08 08W) 
OCT.16, 1967 1200 
AUG. 1, 1968 1400 
481846097372201 156-054-19DDA (LAT 48 18 46N LONG 097 37 22W) 
OCT. 2, 1967 4100 
481926097270001 156-053-21AAA (LAT 48 19 26N LONG 097 27 OOW) 
MAY 24, 1969 3400 
481938097343701 156-054-15CCB (LAT 48 19 38N LONG 097 34 37W) 
MAY 24, 1969 3000 
481939097513201 156-056-16CCB (LAT 48 19 39N LONG 097 51 32W) 
AUG.23, 1967 1200 
481946098071301 156-058-17DAD (LAT 48 19 46N LONG 098 07 13W) 
MAY 24, 1969 4200 
482037097513801 156-056-08DAD (LAT 48 20 37N LONG 097 51 38W) 
JUL.27, 1967 3200 
482118097513201 156-056-04CCC (LAT 48 21 18N LONG 097 51 32W) 
AUG.24, 1967 1400 
482202097231601 156-053-0lAAB (LAT 48 22 02N LONG 097 23 16W) 
JUL.12, 1968 4900 
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482202097265001 156-053-03BBB (LAT 48 22 02N LONG 097 26 SOW) 
JUL.24, 1968 4800 
482207097214301 157-052-32DDD (LAT 48 22 10N LONG 097 21 53W) 
MAY 24, 1969 3300 
482219098140301 157-059-34DDB (LAT 48 22 19N LONG 098 14 03W) 
MAY 24, 1969 1400 
482328097451001 157-055-29ADD (LAT 48 23 28N LONG 097 45 llW) 
OCT. 2, 1967 4800 
482353097270301 157-053-22DDC (LAT 48 23 54N LONG 097 27 07W) 
AUG. 2, 1967 3100 
482408097443201 157-055-21DBC (LAT 48 24 08N LONG 097 44 32W) 
JUN.25, 1981 2700 
SEP.17, 1991 4100 
482412097313701 157-053-19CAB (LAT 48 24 12N LONG 097 31 37W) 
JUL.21, 1967 3200 
482438097202701 157-052-21AAA (LAT 48 24 43N LONG 097 20 35W) 
MAY 24, 1969 3500 
482449098095801 157-058-18DDD (LAT 48 24 49N LONG 098 09 58W) 
JUL.17, 1968 3800 
AUG. 27, 1968 3800 
482455098140301 157-059-lSDDB (LAT 48 24 SSN LONG 098 14 03W) 
MAY 24, 1969 2600 
482537097231901 157-052-07DCD (LAT 48 25 37N LONG 097 23 19W) 
JUN.14, 1968 4500 
482543097190201 157-052-llCCB (LAT 48 25 43N LONG 097 19 02W) 
JUN. 24, 1969 3300 
482616097270301 157-053-lOAAC (LAT 48 26 16N LONG 097 27 03W) 
JUL.19, 1967 3300-
482629097330602 157-054-01CCD2 (LAT 48 26 31N LONG 097 33 lOW) 
JUL.27, 1967 4800 
482702097240601 157-052-06BCB1 (LAT 48 27 02N LONG 097 24 06W) 
AUG. 9, 1968 4400 
482715097152101 157-051-06AAA (LAT 48 27 15N LONG 097 15 21W) 
AUG.21, 1969 4100 
482724098135401 158-059-34DDD (LAT 48 27 24N LONG 098 13 54W) 
JUL.17, 1968 5400 
482725097163201 158-051-31CCC (LAT 48 27 25N LONG 097 16 32W) 
AUG.18, 1969 4200 
482814097313101 158-053-30CDD (LAT 48 28 16N LONG 097 31 31W) 
JUL.25, 1967 3000 
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482818097093801 158-051-25CDC (LAT 48 28 14N LONG 097 09 41W) 
AUG.19, 1969 1900 
482907097264401 158-053-23CCC (LAT 48 29 07N LONG 097 26 44W) 
JUL.26, 1967 3100 
482952097195101 158-052-22BAA (LAT 48 29 52N LONG 097 19 51W) 
AUG.19, 1969 4600 
483018097385001 158-054-18DAC1 (LAT 48 30 18N LONG 097 38 SOW) 
APR. 4, 1968 2900 
483113097383601 158-054-08CBB (LAT 48 31 13N LONG 097 38 36W) 
APR. 4, 1968 4700 
483218097375801 158-054-0SACB (LAT 48 32 18N LONG 097 37 58W) 
OCT. 2, 1967 4500 
JUN.14, 1968 5000 
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